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ABSTRACT 
 Photocatalytic oxidation (PCO) using TiO2 is a potential means of remediating poor 
indoor air quality that is attributed to low levels of volatile organic compounds (VOC). In this 
work, ethanol is chosen as a simple compound representative of VOC’s. The aim of this research 
is to establish a baseline for the photocatalytic activity of TiO2 in ethanol PCO as well as the 
photonic efficiency of the photoreactor. The PCO conversion could then be enhanced by using 
photocatalyst having a macroporous structure.  
A flat plate photoreactor, UV light delivery and a flow system was designed in this work 
to accomplish ethanol PCO. Three kinds of photocatalysts were evaluated: 1) commercial 
Degussa P25 (in powder and slurry form), 2) unstructured sol-gel TiO2 and 3) macroporous TiO2 
deposited on two substrates (optic fiber and glass slide). Titania from sol-gel hydrolysis was 
found to be a better photocatalyst than the commercial Degussa P25. Maximum PCO conversion 
found is 61% using an optimum TiO2 surface loading of 0.403 mg/cm2. A quantum efficiency of 
2.3% was obtained for the photoreactor. From the rate data generated experimentally, an 
apparent reaction order of 0.45 and an approximate rate constant of 0.00144 (mol/cm3)0.55 (cm3/ 
gcat-s) for ethanol PCO was determined.  
The photocatalyst samples were characterized using XRD and it was found that during 
sol-gel hydrolysis, only anatase crystalline phase was formed. From SEM images it was 
confirmed that the dipcoating method at low TiO2 weights resulted to a macroporous structure 
but only short range ordering is apparent. It was also found that colloidal crystals made from 
convective assembly have very good long range order and with clearly visible (111) symmetric 
plane. The available surface areas were measured from adsorption isotherms, for the unstructured 
sol-gel TiO2 it was found to have a surface area of 50 m2/g which is comparable to Degussa P25. 
The pore size distributions were generated from desorption isotherms, for the unstructured sol-
 xii
gel TiO2 it was found to have an average pore size of 3.9 nm. A porosity of 0.21 and bulk density 
of 3.07 cm3/g was also found, indicating a much denser structure than Degussa P25 slurry.  
Lastly, an effort was made to attain higher PCO conversion for the macroporous TiO2 
through higher TiO2 weights at ideal TiO2:PS weight ratio, using three different colloidal crystal 
templating methods and four variations of sol-gel infiltration techniques. However, no evidence 
that a macroporous structure was formed. Comparable PCO conversion values to unstructured 
sol-gel TiO2 were obtained.  Additional work is needed to improve the methodology used in the 
fabrication of the macroporous structure.  
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CHAPTER 1: INTRODUCTION 
 Indoor air quality (IAQ) plays an indispensable role in man’s general health and well 
being. More time is now being spent indoors in residential and commercial enclosed spaces 
while working, increasingly becoming an integral part of modern lifestyles.  
From 1994 to 1998, the US EPA Office of Radiation and Indoor Air (ORIA) and the 
Office of Research and Development (ORD) jointly funded a building assessment survey and 
evaluation (BASE) regarding the detection frequency and indoor concentration levels of volatile 
organic compounds (VOC’s) from 100 random public and commercial buildings. Some 
representative results are shown in Table 1-1 US EPA(1998). For comparison, provided also are the 
permissible exposure limits for each of the identified VOC OSHA(1999).  
Table1-1 Detected Indoor VOC and Concentration Levels  US EPA(1998) 
VOC Frequency 
Detected (%) 
Arithmetic Mean 
Concentration (ug/m3) 
*Permissible Exposure 
Limits OSHA(1999)  
100% Building Frequency of Detection Indoors 
Acetaldehyde 100 7.8 360 mg/ m3 
Benzene 100 4.2 1ppm  
Toluene 100 16 200ppm 
Formaldehyde 100 16 0.75ppm  
Ethanol 100 89 1900 mg/ m3 
75-99% Building Frequency of Detection Indoors 
 
1,4-
Dichlorobenzene 
77 2.8 450 mg/ m3 
n-hexane 98 3.9 1800 mg/ m3 
*TWA PEL – 8hr Time Weighted Average Permissible Exposure Limit 
 
In the 100% frequency detection category, acetaldehyde, benzene, toluene, formaldehyde and 
ethanol species were detected. Not surprisingly, all the mean concentration levels are below the 
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permissible exposure levels, which means 100% compliance to PEL mandated by law. Take for 
example ethanol, where mean concentration levels were found to be 0.089 mg/m3 (or 89 ug/m3). 
This is below the PEL of 1900mg/ m3. In comparison, formaldehyde levels stood at 0.016 mg/m3 
(or 16 ug/m3) which is again below the PEL level of 0.93 mg/m3 (or 0.75ppm). Within the 75-
99% detection category are also found 1,4 (p)-dichlorobenzene and hexane. It should be noted 
that these BASE data is generated following a large building standardized protocol IED(2003) 
developed by the EPA.  
 Commercially available air cleaning technologies developed to control air particulates are 
often variants of mechanical filters and electrostatic precipitators Stevens(1998). Air cleaners 
designed to remove gaseous pollutants rely on principles of chemical and physical adsorption, 
while others generate ions and ozone that chemically react with the air pollutants. However, by-
products such as acetaldehyde have been observed with the use of combined activated 
carbon/potassium permanganate adsorption media, while low levels of unreacted ozone could act 
as respiratory irritant.  
Heterogenous photocatalytic oxidation is one potential technology that can remediate 
poor IAQ through mineralization of indoor air pollutants. The process is usually mediated by 
semiconductors Peral(1997) in the form of a photocatalyst. Titania, often in its anatase crystalline 
form, is the most commonly studied photocatalyst material. A good reason is its photoinduced 
catalytic activity and self-cleaning properties in the presence of UV light Sakka(2005). It is also 
chemically stable, non-toxic, inexpensive and present abundantly in nature, ideal properties for 
indoor and commercial applications. Studies have been done on the photocatalysis of aromatic 
VOC like benzene Ma(2007) and simpler compounds like formaldehyde Ao(2004) and ethanol 
Pilkenton(1999) with the use of TiO2 in commercially available form (Degussa P25).  
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Researchers have found that PCO efficiency can be further enhanced in a number of 
ways: 1) increasing its porosity resulting to mesoporous (5.5 nm pore size) structures Sakatani(2006) 
2) coupling with metals to increase electron transfer Do(1993)  and 3) introducing spherical voids to 
enhance random light scattering Hore(2005), Sakka(2005).  
Most recently, there has been evidence of improved PCO conversion using periodic 
macroporous (diameters > 50nm) photonic band gap (PBG) materials of TiO2 Ren(2006),Chen(2006). 
Crystalline anatase TiO2 is synthesized into an inverse opal. The macroporous structure follows a 
3D periodicity such as face-centered cubic (FCC) or multi-planar hexagonal close packed (HCP) 
stacking pattern. The high contrast in refractive indices between air spheres and TiO2 as well as 
the low filling ratio (20-30%) of the porous network Subramania(1999) results to photonic band gap 
properties. In this form, it is called a photonic crystal.  
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CHAPTER 2: LITERATURE REVIEW 
 This chapter is a review of journals and references available in literature that are relevant 
to the research topic. Section 2.1 is an overview of TiO2 mediated photocatalysis. This is 
followed by a discussion on photocatalytic oxidation specifically pertaining to ethanol, Section 
2.2. Section 2.3 is about photonic crystals and Section 2.4 is a discussion on sol-gel template 
synthesis. Finally, the method used for catalyst characterization is described in Section 2.5. 
2.1 TiO2 Mediated Photocatalysis 
 Titanium dioxide (TiO2) is commercially used as a white pigment because of its opacity 
and high refractive index. It can also be used as catalyst support along with aluminum and silicon 
oxide Bartholomew(2006). It has three common crystal structures: brookite, rutile and anatase, the last 
one having the highest photocatalytic activity. Because of this PCO property, TiO2 is widely 
used in photocatalytic oxidation (PCO) experiments with UV light. 
This section on TiO2 mediated photocatalysis can be divided into the following sub-
topics: electronic band gap properties, general photocatalytic reaction mechanism, effects of high 
humidity on photocatalysis, photo-induced hydrophilicity and reduced photocatalytic activity at 
low humidity.  
2.1.1 Electronic Band Gap Properties 
The formation of an electron-hole pair is illustrated in Figure 2.1-1. Outer or valence 
electrons responsible for bonding the atoms together normally occupy the valence band Poole(2003). 
Electrons responsible for electrical conducting properties occupy the conduction band. In-
between the two bands is a forbidden or an electron band gap. This region is unoccupied since an 
electron could not have an energy value corresponding to the forbidden level. A conductor has 
enough electrons to also occupy the conduction band while for an insulator, the conduction band 
is essentially empty. Titanium dioxide (TiO2) is a semiconductor meaning it has a narrower 
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electron band gap (3.2eV) Yang(2006) than insulators. The conduction band becomes accessible to 
the electrons in the valence band if sufficient energy is available for excitation Poole(2003). This 
energy allows the electron to ‘jump’ across the forbidden gap. The electron excitation process 
leaves behind a positive charge or a hole in the valence band.  
+
-
+ + + +
- - - -
- - - - - - - - - -
Conduction band
Valence band
electron band-gap
excitation
formation of
electron-hole pairs
hv3.2 eV (λ < 400nm )
 
Figure 2.1-1 Formation of Electron-Hole Pair 
Semiconductor mediated photocatalysis is driven by the availability of this electron-hole 
pair to initiate the catalytic reaction. In the case of TiO2, the energy of excitation can be supplied 
by near-UV light with wavelength less than 400nm Sakka(2005). 
Semiconductors are classified as either n-type or p-type. TiO2 is an intrinsic n-type 
semiconductor because of its negatively-charged conductivity. Studies show that TiO2 can also 
be coupled with a metal oxide like tungsten Kwon(2000),Song(2001) to produce enhanced photocatalytic 
activity. This may be a factor in some industrial applications like selective catalytic reduction of 
NOx using ammonia Yu(2001),Eibl(2001) and developing technologies like energy storage 
photocatalysis Tatsuma(2002).  To quote the words of Mittasch, one of the collaborators who 
developed the promoted iron catalyst that was successfully used in the Haber-Bosch process for 
the commercial synthesis of ammonia, ‘The winning catalyst is a multicomponent system’ 
Thomas(1997).  
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2.1.2 General Photocatalytic Reaction Mechanism 
 In general, the reaction steps leading to the photocatalytic reduction of hydrocarbons start 
with the electron-hole pair excitation.  
TiO2 + hv ? h+ + e-     (eqn 2.1-1)    
To form the hydroxyl radicals, the hole (h+) reacts with the hydroxides produced from 
water dissociation (eqn 2.1-2a) or adsorbed water (eqn 2.1-2b) Gerischer(1991) on the photocatalyst 
surface:  
OH- + h+ ? •OH    (eqn 2.1-2a) 
H2O + h+ ? H+ + •OH   (eqn 2.1-2b)  
The hydrocarbons are then mineralized by the hydroxyl radicals (eqn 2.1-3a) Lin(2002) or 
the hole itself (eqn 2.1-3b) Gerischer(1991), producing carbon dioxide and water as the final 
products:  
RH + •OH ? intermediate species ? CO2 + H2O           (eqn 2.1-3a) 
RH2 + h+ ? •RH + H+ ? intermediate species ? CO2 + H2O           (eqn 2.1-3b) 
On the other hand, electrons (e-) trapped transiently on surface or next-to-surface defects 
can react with the adsorbed oxygen. Evidence of photoelectron emission and impedance spectra 
suggests that surface-adsorbed oxygen acts as an electron acceptor to create surface states 
slightly below the conduction band (eqn 2.1-4) Gerischer(1991), forming a one-electron-reduced 
oxygen (O2 -). 
e- + O2 ? O2 -     (eqn 2.1-4) 
This one-electron-reduced oxygen (O2 -) also possesses an oxidizing potential that can 
convert the initial products into aldehydes/ ketones (eqn 2.1-5a) or alcohols into carboxylic acids 
(eqn 2.1-5b), which is later converted to oxidation products in the subsequent steps. 
•RH + O2 - ? RO + OH-      (eqn 2.1-5a) 
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•ROH + O2 - ? ROOH    (eqn 2.1-5b) 
However, if the mobile electron recombines with the hole, the photocatalytic reaction 
dies out and energy is released as heat (eqn 2.1-6) Yang(2007). 
h+ + e- ? TiO2 + heat         (eqn 2.1-6)  
2.1.3 Effect of High Humidity on Photocatalysis 
 Water molecules are thought to adsorb on the active sites and undergo dissociation to 
provide the hydroxyl radical for PCO. This is according to the photocatalytic reaction 
mechanism discussed in previous section (2.1.2). However depending on the nature of VOC, the 
affinity of surface sites and the adsorption mechanism, an excess of humidity can also reduce the 
photocatalytic activity of TiO2.  
 Take as an example a very common aromatic VOC which is benzene. Studies made on 
the degradation of benzene show an increase in quantum yield when relative humidity is 
increased from 5 to 25%, but which drops down at humidity levels greater than 25% Ma(2007).  
Water molecules competitively adsorb against benzene on the TiO2 surface, thereby reducing the 
activated sites available for the adsorption of the target chemical. Other authors found the 
optimum relative humidity to be still smaller, just 10% Wang(2003).  
 Competitive adsorption of water and chlorobenzene under low and high humidity levels 
is shown in Figure 2.1-2 Zhang(2007). In this related study, the effect of humidity on the adsorption 
of chlorobenzene was determined. It was noted that at dry conditions or relatively low humidity, 
adsorption of chlorobenzene was not greatly affected even when humidity is increased. However 
at high humidity and specially when water vapor had already established adsorption equilibrium 
with TiO2, chlorobenzene is unable to penetrate the water film despite of its strong affinity 
towards TiO2. Because of the hydrophobic nature of chlorobenzene, its surface affinity is easily 
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overwhelmed by the water molecules present at the catalyst surface resulting to a decrease in 
adsorption. 
adsorption at 
low humidity
adsorption at 
high humidity
- chlorobenzene
- water
 
Figure 2.1-2 Competitive Adsorption of Water and Chlorobenzene Molecules  
Most ethanol PCO are done in hydrated conditions, some as high as 40% Sauer(1996).  At 
low levels, increasing relative humidity in the range from 0 to 13% only marginally increased the 
amount of adsorbed water Muggli(1998)b. However, from solid-state nuclear magnetic resonance (SS 
NMR) spectroscopy, it was found that water and ethanol also compete for the same active 
surface sites. In addition, surface hydration studies show that presence of water can reduce the 
rate of ethanol PCO Pilkenton(1999). Another PCO experiment has shown that excess humidity leads 
to lower reaction rate constants since competitive adsorption of water displaces both ethanol and 
acetaldehyde on the photocatalyst surface Piera(2002).  
2.1.4 Photo-induced Hydrophilicity 
TiO2 exhibits an interesting phenomenon called photo-induced hydrophilic conversion 
which is believed to be the main reason for its self-cleaning ability, shown in Figure 2.1-3 
Sakka(2005). TiO2 surface readily assumes a hydrophilic character when exposed to UV. This was 
demonstrated in contact angle measurements of a water droplet placed on top of a (110) single 
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crystal Wang(1999). Contact angle decreased with UV irradiation time. When the experiment is done 
in the presence of oxygen, the hydrophobic-to-hydrophilic conversion was effectively reduced. 
before UV 
illumination
after UV
illumination
 
Figure 2.1-3 Photo-induced Hydrophilicity of TiO2 Surface 
The mechanism behind this phenomenon is believed to start with the generation of electron-hole 
during UV light excitation, quite similar to the usual photocatalytic oxidation process. Holes also 
transfer to water but the electrons react with lattice oxygen and not with the adsorbed oxygen 
Sakka(2005). This creates oxygen vacancies on the TiO2 surface whose nature strongly adsorbs 
water, hence the hydrophilic surface. 
2.1.5 Reduced Photocatalytic Activity at Low Humidity 
 Photocatalysis in gas phase as compared to aqueous phase has the distinct advantage of 
having higher decomposition rates Stevens(1998). The gaseous phase has better UV light penetration 
because of the lower refractive index of air. Diffusion limitation due to mass transport resistance 
is considerably less because of the higher gas molecular diffusivities and less viscous sublayer. 
Also absent are aqueous species like chlorides and alkalinity that react with the hydroxyl radicals 
Piera(2002). Molecular oxygen as electron scavenger (discussed in previous Section 2.1.2) is very 
much in excess, as compared with the limited solubility of oxygen in the aqueous phase.  
However, one important drawback is the absence of excess water that readily reacts with 
intermediate species accumulating on the photocatalyst surface. These intermediates can form 
  
   
 10
into stable compounds and possibly poison the active sites, resulting to either temporary or even 
irreversible deactivation.  
 TiO2 catalyst deactivation during photocatalytic oxidation of aromatic VOC’s has been 
widely reported. A visual indicator is the discoloration of the white catalyst, turning into yellow 
or even brownish Cao(2000), Doucet(2007), Ma(2007). This is accompanied by a decrease in catalytic 
activity. A better understanding of this deactivation process results if the interplay between 
reduced photocatalytic activity and low humidity level is examined.   
 One good example is the photocatalytic degradation of benzene. Reaction intermediates 
like phenol, maloinic, hydroquinone, benzoic and benzoquinone were found to adsorb on the 
surface and cover up the active surface sites Wang(2003). Scanning electron microscope images of 
the photocatalyst before and after PCO reveal accumulation of chemical deposits on the catalyst 
surface Ma(2007).  This coating is thought to be the primary cause of the deactivation. Arguably, 
the accumulation of the intermediates becomes more pronounced in the absence of humidity 
because the presence of water clearly favors the degradation of these intermediates Doucet(2007). 
From carbon balance calculations, these resistant intermediates were found to undergo a slow 
photocatalytic degradation to CO and CO2. 
Meanwhile, separate studies on photocatalytic oxidation of toluene reveal the 
accumulation of partially oxidized intermediates, specifically benzaldehyde and benzoic acid 
Cao(2000). Once water vapor is removed from the gas stream, conversion to benzaldehyde was 
inhibited and irreversible deactivation of the catalyst occurred Martra(1999). Even if water is 
reintroduced after some time, the photocatalytic rate failed to recover back to its original level. 
This is supported by observations that carbonaceous material deposited on the catalyst surface 
Einaga(2004) is what causes the deactivation.  
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From all this information, one can deduce that resistant intermediates are adsorbed and 
deposited on the catalyst surface. Deactivation seems to be more prominent in aromatic VOC’s, 
accompanied by discoloration of TiO2 photocatalyst from white to yellow or brown. If not 
removed or converted according to the desired PCO kinetic pathway, they could foul the 
photocatalyst by depositing as resistant carbonaceous material deposits, instead of completely 
oxidizing to the complete oxidation products. 
There is evidence in ethanol PCO experiments that points to quite similar deactivation 
mechanism. At low oxygen concentration levels, reaction intermediates like acetaldehyde, acetic 
acid and formic acid have been detected Hwang(1999). Acetate formed from mobile acetic acid is 
very resistive to further destruction and is found to be the primary cause of catalyst deactivation 
Arana(2004).  
As a short note to this section (2.1.5) and previous one (2.1.3), there is no hard fast rule 
when it comes to selecting optimum humidity conditions for photocatalytic oxidation reaction of 
VOC’s. A balance should be made between ensuring target chemical is adsorbed on the catalyst 
surface and at the same time, ensuring enough water is available to react with the reaction 
intermediates to prevent accumulation and subsequent deactivation. 
2.2 Photocatalytic Oxidation of Ethanol 
Ethanol is chosen as a representative simple VOC compound to evaluate the 
photocatalytic activity of TiO2. It is deemed worthwhile studying because it was detected in a 
BASE study done by the US EPA US EPA(1998) and removal is one way of improving indoor air 
quality. It is also a common disinfectant and aseptic solution used in hospitals and medical 
clinics. It is a major component in bakery, fermentation and brewery emissions Muggli(1998)a and 
will possibly be subject to stricter emission controls in the near future. Ethanol right now has 
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received favorable attention as a biofuel and a fuel additive for gasoline. Thus its everyday use is 
expected to spread, perhaps accompanied by bigger environmental impacts to the surrounding.  
 Photocatalytic oxidation of alcohols during electron band gap UV illumination of TiO2 
can be described by a model shown in Figure 2.2-1 Sakka(2005).  In the oxidation site, holes react 
with hydroxides or adsorbed water to form hydroxyl radicals. In the reduction site, electrons 
react with adsorbed oxygen to form radicals of oxygen. These radicals or holes then react with 
hydrocarbons according to a specific kinetic pathway which results to its conversion to carbon 
dioxide, water and other minor products.  
TiO2
hv (λ < 400nm )
h+
e-
oxidation site
reduction site
OH- + h+? •OH 
H2O + h+? H+ + •OH 
e- + O2? • O2-
 
Figure 2.2-1 PCO Model During Electron Band Gap UV Illumination 
To get a better understanding of how this model applies specifically to ethanol 
photocatalytic oxidation, the following topics are discussed: ethanol-TiO2 surface species, 
intermediate products and reaction kinetic pathways. 
2.2.1 Ethanol-TiO2 Surface Species 
PCO starts with the adsorption step where ethanol species adsorb on the TiO2 active 
surface sites. This creates photochemically active ethanol- TiO2 surface species whose 
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availability would determine if photocatalysis will proceed to the surface reaction step and 
towards the formation of reaction intermediates. 
Two ethanol adsorption sites were revealed using solid-state nuclear magnetic resonance 
(SSNMR) spectroscopy Pilkenton(1999). In agreement with temperature programmed desorption 
experiment Carrizosa(1977), two adsorption patterns were found resulting to the formation of a 
hydrogen-bonded molecular ethanol species and surface bound Ti-ethoxide species Pilkenton(1999). 
The hydrogen bonded ethanol species far outnumber the surface bound Ti-ethoxide species but it 
is the surface bound which are photochemically active.  
The Ti-ethoxide surface bound species is photo-oxidized in the presence of oxygen to 
form a reaction intermediate. Without oxygen, no ethanol degradation was observed Pilkenton(1999). 
Ethanol is adsorbed to coordinatively unsaturated Ti cation Lusvardi(1996) forming either a 
monodentate (bonded to a single metal cation) or bidentate (bridge bonded to two metal cation) 
ethoxide species Pilkenton(1999). Whichever is the case, the dissociative adsorption of ethanol can be 
represented by the equation Lusvardi(1996): 
  C2H5OH (g) ? C2H5OH-S (ad)    (eqn 2.2-1) 
C2H5OH-S (ad) + O (l) ?  C2H5O-S (ad) + OH-S (ad)  (eqn 2.2-2a) 
C2H5OH (g) + O (l) ?  C2H5O-S (ad) + OH-S (ad)   (eqn 2.2-2b) 
The first step (eqn 2.2-1) is ethanol vapor adsorbing on the photocatalyst surface, where (g) 
stands for gas, (ad) stands for adsorbed species, (l) for lattice and -S stands for TiO2 active 
surface sites. Arguably, the adsorbed ethanol species C2H5OH-S (ad) is the hydrogen-bonded 
molecular ethanol previously reported.  The second step (eqn 2.2-2a) involves the formation of 
surface bond between adsorbed ethanol vapor and the titanium cation, through interactions with 
the lattice oxygen O (l). Alternatively, ethanol vapor can also directly form a bond with the 
cation (eqn 2.2-2b). 
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From here, it is clear that coordinatively unsaturated Ti sites are the photocatalytically 
active site and crucial for the photocatalytic oxidation of ethanol. Since the hydroxyl radicals 
should also be adsorbed in the catalyst surface, the Langmuir-Hinshelwood mechanism best 
describes the initiation step. This mechanism is generally applicable for the reaction of two 
adsorbed species Bartholomew(2006). The reaction can therefore be described by the equation:  
C2H5O-S + •OH-S ? intermediate species ? products   (eqn 2.2-3) 
Another study has shown that ethanol PCO has two initiation steps: 1) hole initiated at 
high ethanol coverage and 2) hydroxyl radical initiated at low ethanol coverage Yu(2007). As the 
reaction proceeds from high to low ethanol coverage, there is a shift from a hole to a hydroxyl 
radical initiated step. In that case, one can modify eqn 2.2-3 to account for the hole initiating step 
as follows: 
C2H5O-S + h+ -S ? intermediate species ? products   (eqn 2.2-4) 
It has been shown that adsorbed oxygen acts as electron trap Linsebigler(1995). For this 
oxygen, two chemisorption states exist under UV irradiation Lu(1995),.  Oxidation of adsorbed 
ethoxide species is also believed to be through this photoactive oxygen Jayaweera(2007): 
C2H5O-S + O2 - -S ? intermediate species ? products   (eqn 2.2-5) 
2.2.2 Intermediate Products 
The important reaction intermediates in the ethanol PCO have been identified as 
acetaldehyde, acetic acid, formaldehyde and formic acid Pilkenton(1999).  It is generally agreed that 
the most important of all these intermediates is acetaldehyde since its formation is the first step 
in the photocatalytic oxidation of ethanol Sauer(1996), Pilkenton(1999).  Assuming the all hydroxyl, hole 
and oxygen initiated reactions occur during the entire course of the ethanol PCO, the initiating 
step towards acetaldehyde formation can be represented by the equation: 
C2H5O-S + ( •OH,O2 -,h+)-S ? CH3CHO ? products   (eqn 2.2-6) 
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 Low gas phase concentration of acetic acid has been detected. But because of its high 
adsorption constant, it is considered as an additional intermediate Nimlos(1996). Another 
intermediate, acetate is formed from mobile acetic acid Hwang(1999). And at high ethanol coverage, 
another intermediate formed from the reaction of one acetaldehyde and two ethanol molecules is 
acetal (1,1-diethoxyethane) Pilkenton(1999).  
Aside from the main oxidation products which are carbon dioxide and water, minor 
reaction channels results to the formation of methyl formate, ethyl formate and methyl acetate 
Nimlos(1996).  
2.2.3 Reaction Kinetic Pathways 
A review of the literature came up with three main reaction kinetic pathway proposal for 
ethanol PCO. The first is a series mechanism, shown in Figure 2.2-2 Nimlos(1996):  
ethanol acetaldehyde formaldehyde carbon dioxide
 
Figure 2.2-2 Series Reaction for Ethanol PCO 
The second is a parallel reaction mechanism, shown in Figure 2.2-3 Muggli(1998)a:  
ethanol acetaldehyde
formaldehyde
formic acid
acetic acid
CO2
formaldehyde   + formic acid
 
Figure 2.2-3 Parallel Reaction for Ethanol PCO 
The third is a combination reaction mechanism, shown in Figure 2.2-4 Sauer(1996):  
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ethanol acetaldehyde acetic acid formic acid
formaldehyde
carbon dioxide
*1 *2
 
Figure 2.2-4 Complex Reaction for Ethanol PCO 
The main difference between the first and the last two reaction mechanism is that acetic acid is a 
reaction intermediate in the formation of formaldehyde.  The difference between the second and 
third mechanism is the existence of two other pathways identified by *1 and *2. 
 Because there is evidence that acetic acid was detected, the last two mechanisms may 
best describe ethanol PCO. However, two issues were not clearly answered in the literature: first, 
the rate determining step and second, product selectivity of ethanol PCO.  
2.3 Photonic Crystals 
 Lord Rayleigh first used the idea of a forbidden gap to explain the iridescent reflection 
observed in a mineral having twin-plane crystal lattice Kelvin(1904). He reasoned that this prismatic 
color is the result of the reflection at one particular incidence of one particular wavelength of 
light. Today, we know that this forbidden band gap is attributed to a one-dimensional (1D) 
photonic crystal structure of the mineral. Photonic band gap (PBG) material is widely found in 
nature: opals, abalone shells, butterfly wings and even beetles. All exhibit bright iridescent colors 
at certain viewing angle because of the periodic microstructures hidden from the naked eye, 
nature’s version of photonic crystals.  
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The following sections discuss some important topics that are relevant for a better 
understanding of photonic crystals and how it can be applied to this research. These are: photonic 
band gap properties, approximating the stop band peak and photonic crystal application in PCO. 
2.3.1 Photonic Band Gap Properties 
In the 1987 pioneering work of Yablonovitch, he proposed overlapping the 
electromagnetic (photonic) band gap with the electronic band edge to prevent spontaneous 
emission of light Yablonovitch(1987). This suppresses electron-hole recombination into photons, a 
technical limitation in some solar cell and laser applications. Barely a month later, John 
suggested using three-dimensional (3D) photonic superlattice as a means of localizing and 
controlling photons John(1987). In a later paper, Yablonovitch coined the term ‘photonic crystals’ 
for these artificial 2D- and 3D- periodic lattices Yablonovitch(1993). He was able to make a photonic 
crystal where electromagnetic radiation of microwave wavelength undergoes Bragg reflections 
inside the lattice structure Poole(2003). The real challenge however, is fabricating optically active 
photonic crystals where the dimensions are on a sub-micrometer length scale comparable to the 
wavelength of light. In 1996, a 2D-photonic crystal active at optical wavelength was produced 
Krauss(1996). 
Photonic band gap materials have periodic dielectric structures that prevent certain 
frequencies of electromagnetic waves from propagating. This is analogous to electronic band gap 
discussed in previous section (2.1.1) where electron wave functions have forbidden energy 
levels. Photonic crystals are therefore optical analogues of semi-conductors, the same way that 
electromagnetic waves are analogues of electron wave function according to the wave-particle 
duality theory of quantum physics.  
The three basic configurations of photonic crystal are shown in Figure 2.3-1 Sakka(2005), 
Thomas (1997). They come in 1D-, 2D- and 3D-periodic configurations and each exhibits periodicity 
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in one, two and three directions. Their photonic band structure is determined primarily by two 
main factors: lattice structure and dielectric contrast (ratio of the high and low dielectric 
constants) Sakka(2005). 
 
A
B
A
A
B
C
1-Dimension 2-Dimension 3-Dimension
HCP
FCC
square hexagonal
 
Figure 2.3-1 Periodicity of Photonic Crystals 
A hexagonal compared to a square lattice arrangement is predicted to have full band gap 
Sakka(2005) since its brillouin zone is closer to a circular geometry. In the same note, FCC and HCP 
arrangement have full PBG properties because they better approximate the spherical brillouin 
zone.   
A larger dielectric contrast (n1/ n2) which is primarily dependent on the structural 
material, can also result to changes in PBG properties, even if both have the same lattice 
structure. Take for example the densification of TiO2, where the same sample exhibited a red 
shift in photonic peak Turner(2001) upon increase of the calcination temperature. It has also been 
demonstrated that a true optical signature of photonic crystals is the shift in reflectivity peak 
when the size of the spherical voids are changed Subramania(1999), Jiang(1999)b. This shift in peak is 
accompanied by a change in iridescent color.   
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Volume fraction can also make the difference between a pseudo-band gap (band gap in 
certain propagation direction but not all) and a full (omnidirectional) narrow band-gap Sakka(2005). 
For a close-packed FCC stacking of spheres, an inverse opal (f = 0.74) has a higher volume 
fraction than a direct opal (f = 0.26), hence a predicted full photonic band gap. This shows that 
symmetry, material refractive index, geometry and filling fraction are all important in creating 
photonic crystals of the desired PBG properties for its intended application. 
A porous dielectric material having a highly ordered three dimensional structure of 
spherical voids (inverse opal) is predicted to exhibit intense optical diffraction Turner(2001). For 
very high values of diffraction characterized by refractive indices of around 2.8, these are 
expected to possess full 3D photonic band gap properties.  
2.3.2 Approximating the Stop Band Peak 
Bragg’s Law (eqn 2.3-1) is a mathematical representation of how X-ray and other 
electromagnetic wave undergo diffraction in crystal planes Poole(2003):  
n λ = 2 d sin θ      (eqn 2.3-1)  
The fundamental concept of PBG resides in this Bragg diffraction. Once there is coherent 
scattering of an incident wavelength, it gives rise to a diffraction peak which is related to the 
distance between diffracting planes or the periodicity of the structure. However, the theoretical 
analysis for the diffraction of an electromagnetic wave in 2D and 3D is quite complex, requiring 
the solution for a set of eigenvalues for each Bloch wave vector Awazu (2005). A software package 
based on plane wave expansion method Johnson(2000), (2001), is available for free download in “The 
Joannopoulos Reasearch Group at MIT” homepage, but its use and interpretation is deemed 
beyond the present scope of this work. A more tractable approach has been developed like the 
scalar wave approximation, albeit with some shortcomings Mittleman(1999). This approximation was 
able to predict the experimentally derived bandwidths but not the peak optical densities. One 
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could not really expect perfect agreement between experimental results and an analytical model 
based on certain simplifying assumptions. At the very least, it can provide a rough approximation 
and a qualitative understanding of photonic crystals made from inverse opal structures.  
For purposes of predicting just the spectral position of the peak in an inverse opal, one 
can do the analysis based on a one-dimensional propagation of an electromagnetic wave that is 
incident to the crystal plane (111) of highest symmetry, shown in Figure 2.3-2 Thomas (1997).  
(111)
FACE CENTERED CUBIC
(100) (110)
 
Figure 2.3-2 High Symmetry Planes of FCC 
The first relationship is a modified Bragg’s Law (eqn 2.3-2) Richel(2000) where θ is the 
angle measured from the normal axis to the crystal planes. This equation has been 
experimentally verified using a linear fit of sin2 θ plotted against λ2 where slope is -1/(2d111)2 
and intercept equal to neff2.   
λ = 2 d111 (neff2 – sin2 θ) ½     (eqn 2.3-2) 
 For a wave at normal incidence (sin θ = 0), the equation becomes (eqn 2.3-3) which 
predicts the spectral position of the peak (λpeak) Jiang(1999)a,(1999)b.  
λpeak = 2 neff d111     (eqn 2.3-3) 
This peak is also the same as the transmission dip or the optical stop band in an inverse opal, 
shown in Figure 2.3-3 (refer to Appendix A) Kuai(2003). Here, a drop in transmission is observed at 
  
   
 21
around 660nm with an approximate band width of 90nm. The macropores are arranged in an 
FCC structure and have pore size diameter of 300nm. Refractive index was taken to be 2.3. 
 
Figure 2.3-3 Transmission Dip in a 300nm Pore Size Structure Kuai(2003) 
Reprinted from Journal of Crystal Growth Copyright 2003,  
with permission from Elsevier Limited  
The relationship between effective refractive index (neff) and volume fraction is given by 
(eqn 2.3-4) Ren(2006). For the closest packing which is represented by an FCC or HCP stacking 
pattern, filling fraction (f) is computed to be 0.26. 
neff = nTiO2 f + nAir (1-f)     (eqn 2.3-4) 
 The diffraction plane (d111) is related to the pore size or distance between neighboring 
spheres (D) by (eqn 2.3-5) Kuai(2003): 
d111 = D (2/3) ½     (eqn 2.3-5) 
Shown in Figure 2.3-4 is the reflectance spectra at different angles of incidence (refer to 
Appendix A) Richel(2000). The photonic crystal derived from an inverse opal of TiO2 lattice 
demonstrates an increase in reflectance peak and the shift to shorter peak wavelength as angle of 
incidence increases. This could be the reason why researchers have observed different iridescent 
colors depending on the viewing angle Wijnhoven(2001).   
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Figure 2.3-4 Reflectance Spectra at Different Angles of Incidence Richel(2000) 
Reprinted from Applied Physics Letters Copyright 2000,  
with permission from American Institute of Physics 
 
2.3.3 Photonic Crystal Application in PCO 
Use of photonic crystal in PCO is a very unique application and has just been recently 
explored Ren(2006), Chen(2006). Electron-band gap excitation is the first step in the formation of 
electron-hole pair, therefore energy in the form of photons has to be available. For PBG TiO2-
photocatalyst to work, the prescribed wavelength (< 387 nm) Yang(2007) corresponding to no less 
than the electron band gap energy (> 3.2 eV) must reach the electron in the valence band 
Sakka(2005). It has been studied that using slow photons to increase the path length of light is one 
application of photonic crystal technology in PCO Chen(2006). At the PBG edge, photons move at 
strongly reduced group velocity, hence the term slow photons.  Enhanced UV light absorption 
should result because of the longer optical path length and apparent thicker material. If the 
wavelength corresponding to the slow photons is within the electron-photonic band gap (EBG-
PBG) overlap, enhancement of PCO is expected. For the choice of TiO2 dielectric material, 
anatase crystalline phase is preferred over rutile. This is primarily because of its higher 
photochemical activity and inspite of its lower refractive index.   
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Shown in Figure 2.3-5 are the UV-A wavelengths representing the electron band gap, the 
transmission through the photoreactor borosilicate window, the filtered UV light and the 
photonic band gap. In this work, it is desirable to have a broad PBG for maximum EBG-PBG 
overlap to slow down the photons in the transmitted UV. At the same time, it is desired to have 
the highest transmission possible (lowest reflectance) to admit the UV-A required by the 
electron-hole excitation process.  
λ (wavelength, nm )
290nm 400nm
TiO2 electron hole excitation
UV lamp
360nm
borosilicate window
350nm
UV-A lamp filter
360nm 370nm
energy enhanced by slow photons
total energy for 
e-/h+ excitation
photonic band gap
 
Figure 2.3-5 Photonic Crystal Application in PCO 
A polystyrene sphere having 120nm, porosity of 0.47 and a refractive index of 2.5 would 
give an optical peak of 352 nm. Assuming a band width of 90 nm, it would result to an upper 
PBG edge of 397 nm. In this case, the entire transmitted UV (from 360 to 370 nm) falls right 
within the PBG edge. This should result to slower photons and enhancement of ethanol PCO. 
2.4 Sol-gel Template Synthesis 
Numerous methodologies have been developed to fabricate nanoscale photonic 
structures: top-down fabrication like X-ray lithography to form sacrificial templates Awazu(2005), 
etching, wafer stacking and bottom-up fabrication using colloidal based method Ngo(2006). This 
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work will focus on the sol-gel template synthesis for fabricating inverse opal structures. This 
approach is a combination of sacrificial templating and colloid bottom-up fabrication technique. 
It is the preferred method in fabricating 3D photonic crystals because of its low processing cost, 
it requires no special process equipment and most importantly, it is solution-based which gives it 
better flexibility in choosing material or composition Sakka(2005). It is however prone to shrinkage 
during drying/ calcination and therefore not advisable for microstructures requiring very precise 
dimensions.  
The voids are created using colloidal crystals as the inverse template. This template is 
produced from commercially available monodisperse polystyrene (PS) spheres, condensed into 
close packed FCC or HCP stacking pattern to form a direct opal structure. The voids are then 
infiltrated with a sol of titania alkoxide. Once the voids are all filled, the sol is converted into sol-
gel through a hydrolysis reaction. The template is then removed through calcination. Further 
heating is required to convert TiO2 into its anatase crystalline form.   
The following sections discuss the steps in sol-gel template synthesis. These are: 
colloidal crystal templating, sol-gel infiltration and template removal step. 
2.4.1 Colloidal Crystal Templating Step 
The colloidal crystal templating step as shown in Figure 2.4-1, involves using either 
monodisperse PS latex Ren(2006), Wijnhoven(2001) or silica Turner(2001), Jiang(1999)b spheres dispersed as 
colloids in a solution or solvent. The ‘bottom-up’ approach relies on these nano-sized particles to 
assemble into three-dimensionally ordered crystal arrays either through dipcoating Ren(2006), 
Turner(2001), convective self-assembly Jiang(1999)b /capillary condensation Kralchevsky(1994), filtration
Velev(1998), gravity sedimentation Wijnhoven(2001),Miguez(1998) or centrifugation Wijnhoven(1998),Wang(2006). 
These ‘colloidal crystals’ become closely packed in a hexagonal close packed (ABAB) or face-
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centered cubic  (ABCABC) stacking pattern Stein(2001), thereby creating artificial opals and 
exhibiting periodicity at submicron length scale. 
assembly of PS Spheres into
a colloidal crystal template
STEP1
 
Figure 2.4-1 Colloidal Crystal Templating: Step1 
Prior to the void spaces being filled with the alkoxide precursor, the template can be 
further strengthened by annealing in an oven. For the case of PS spheres, this can be done at 
temperatures (110-120oC) slightly above its glass transition temperature (Tg ~ 107oC) for 5-
15min Stein(2001).   
 Another alternative to colloidal crystal templating is a combined templating-infiltration 
procedure, where a slurry suspension of monodisperse PS spheres and nano-crystalline titania is 
allowed to dry slowly on top of a glass substrate over a period of ~24 hours while inside a 
humidity chamber Subramania(1999). 
2.4.2 Sol-gel Infiltration Step 
The sol-gel infiltration step as shown in Figure 2.4-2, uses titania alkoxide precursors like 
titanium ethoxide (TET) Ren(2006), Turner(2001), titanium isopropoxide (TTIP) Wang(2006), titanium 
propoxide Wijnhoven(2001), titanium butoxide Chen(2006) and tetra-propoxy-titane (TPT) Wijnhoven(1998) to 
form colloid suspensions or ‘sol’. These precursors are dissolved either in diluted ethanol 
solutions (ranging from as low 0.272% vol Ren(2006), Turner(2001) to 1% Chen(2006)) or in concentrated 
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solutions (ranging from 20% up to as high as 100% vol Wijnhoven(2001)). For an HCP or FCC 
packing, too much precursor with respect to the template spheres can lead to an excess of sol-gel 
titania on the surface, effectively forming a crust on top of the colloidal crystal. To minimize 
this, a maximum TiO2:PS weight ratio of 2 is recommended Wang(2006). 
TET
infiltration with alkoxide
precursor solution (TET)
hydrolysis to 
solgel titania
sg-TiO2
EtOH
H2O
STEP2
 
Figure 2.4-2 Sol-gel Infiltration: Step2 
The alkoxide-ethanol solution is allowed to infiltrate the colloidal crystal template and fill 
the void spaces. The method of filling, in combination with the dilution of the precursor solution, 
can also influence whether the filling structure is completely filled Holland(1998) or if there would be 
vacancies in the triangular intersections of the titania walls Wijnhoven(1998). Vacancies arise because 
of incomplete filling of the void spaces. A few of the methods cited in literature are immersion 
Ren(2006), dip coating Kuai(2003), capillary- Wijnhoven(2001) and suction- Wang(2006) assisted infiltration.  
To complete the hydrolysis, deionized water is added in excess Ren(2006), Turner(2001) 
resulting in a fast hydrolysis. On the other hand, an ambient hydrolysis is accomplished when 
moisture from the atmosphere Wijnhoven(1998), Kuai(2003), Chen(2006) is allowed to diffuse through the 
stagnant layer, which then reacts with the titania precursor while the ethanol evaporates.  
For the case of TET, the complete hydrolysis reaction can be written:  
 Ti(OCH2CH3)4 + 4 H20 ? Ti(OH)4 + 4 CH2CH3OH   (eqn 2.4-1) 
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The hydrolysis reaction transforms the alkoxide titania precursor into a semisolid sol-gel which 
adopts and retains the inverse shape of the template. During partial hydrolysis, sol-gel titania (sg-
TiO2) would exist as a complex aggregate of both hydroxy and ethoxy groups 
Ti(OH)n(OCH2CH3)4-n. During partial gelation, water (or alcohol) condensation reactions
polymerize these partially hydrolyzed species via formation of hydroxy- (olation) or oxo-bridges 
(oxolation) into oligomers of titania having dimer, chain or ring configurations Brinker(1990). At the 
gel point, full 3D cross-linkages creates a spanning cluster Wright(2001) or a continuous solid 
network that encloses the remaining liquid phase. This theory is supported by actual raman 
spectra measurements of sg-TiO2 which does not point to any particular known polymorph of 
titania Wijnhoven(2001), suggesting that indeed the sol-gel is a complex hydroxy-ethoxy species.    
2.4.3 Template Removal Step 
In the template removal step, the calcination burns-off the PS spheres. Evidence in the 
literature indicates that this happens at around 310oC for a heating rate of 1oC/min Yan(2000). 
thermogravimetric analysis (TGA) shows a steady decrease in weight from room temperature up 
to 300 oC due to loss of solvent and adsorbed water. Between 310 oC to 340 oC, there is a drastic 
decrease in weight as PS spheres are oxidized. Slower heating rates (2oC/min) would result to a 
more stable melting of the spheres as compared to higher heating rates (10oC/min), since too fast 
generation of combustion gases (CO or CO2) leads to bubbling and deformation of the inverse 
opal structure. Normally it takes 3hours at 300 oC to burn-off most of the PS spheres. 
 Further heating converts the sg-TiO2 to calcined sol-gel titania (csg-TiO2) having anatase 
as a crystal structure. X-ray diffraction (XRD) patterns indicate that for alkoxide precursors of 
TiO2, partial crystallinization starts at 350 oC and complete conversion occurs at 450 oC 
Wijnhoven(2001). The peak at 2Θ= 25.4 is representative of the (101) plane anatase crystalline phase. 
The calcination step can be written as: 
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  Ti (OH) 4   ? TiO2 + 2 H20    (eqn 2.4-2) 
Combining both equation (eqn 2.4-1) and (eqn 2.4-2) leads to the over-all equation (eqn 2.4-3) 
which can best describe the complete conversion to csg-TiO2 from the alkoxide precursor: 
Ti(OCH2CH3) 4 + 2 H20 ? TiO2 + 4 CH2CH3OH   (eqn 2.4-3) 
The final product of the template removal step as shown in Figure 2.4-3, is an inverse 
opal structure with sufficient dielectric contrast that is predicted to have at least a partial 
photonic band gap. The length scale of these inverse artificial opals (between 100nm to 500nm) 
are comparable to the wavelength of light, which makes them optically active arrays capable of 
inducing multiple Bragg reflections in propagating electromagnetic waves. 
sg-TiO2
calcination to 
burn-off PS spheres
phc-TiO2
STEP3
convert solgel
to anatase titania
 
Figure 2.4-3 Template Removal: Step3 
2.5 Catalyst Characterization 
The instruments and techniques available for characterizing catalysts have increased 
tremendously in recent years. Surface analysis has been the traditional means of evaluating 
surface structure and basic morphology of a catalyst Thomas (1997). Information like surface area, 
pore volume, pore distribution and mean pore diameter are obtained by gas adsorption of probe 
molecules and are very important since kinetic rates are greatly influenced by these variables. 
They are. Commonly used adsorbates are He, N2 and Xe. Other means of characterization can be 
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classified according to their ability to absorb, emit or scatter photons, electrons, neutrons or ions. 
Still other methods are based on calorimetric or thermal measurements. 
 The following section discusses three characterization methods that will be used in this 
work. These are often used for the characterization of catalysts: gas adsorption/ desorption 
isotherms, X-ray diffraction and scanning electron microscope. 
2.5.1 Gas Adsorption and Desorption Isotherms 
 A photocatalytic reaction must be preceded by the adsorption step of target species. This 
statement is true for all type of heterogenous catalytic reactions Thomas (1997). More importantly, 
the rate constant for ethanol PCO would depend on the surface area available for the adsorption 
of ethanol. Pore size distribution is also important not only because it is a major factor in 
determining surface area, but there are PCO applications where the mesoporous structure was 
found to improve photocatalytic activity because of the very high porosity Sakatani(2006). 
 BET Surface Area. There are two ways in which gas adsorbates can interact with the 
catalyst surface: 1) physisorption involves the relatively weak physical adsorption of gaseous 
molecules on solid surfaces and 2) chemisorption involves the formation of stronger chemical 
bonds Bartholomew(2006). Gas adsorption measurements rely on the reversible physisorption 
mechanism to put a monolayer on the surface and gradually fill-up the pore volume. This is done 
at low temperatures since the volume of physisorbed gas would be large, decreasing sharply with 
increasing temperature. The adsorption isotherm is established by measuring the volume of gas 
adsorbed while varying system pressure, all the time maintaining the temperature constant. A 
Langmuir isotherm is a simple isotherm developed for monolayer adsorption.  
The Brunauer-Emmett-Teller (BET) isotherm is a model often used for multi-layer 
physisorption. The BET equation (eqn 2.5-1) is a linearized form of the BET adsorption isotherm 
which was used in this work, where (1/WmC) is the intercept i, (C-1/ WmC) is the slope s, W is 
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weight of gas adsorbed, P/Po is the relative pressure, Po, is the vapor pressure of adsorbing gas, 
Wm is weight of adsorbate for monolayer surface coverage and C is the BET constant
Quantachrome(2001): 
1
W


Po
P
 K1

  =  
1
WmC
C CK1
WmC


P
Po


  
(eqn 2.5-1) 
 
The linearized plot of 1/[W(Po/P)-1] vs P/Po is valid only for a limited range (0.05 to 0.30) of 
P/Po that corresponds to the monolayer region. Inside this range, adsorption has a linear 
relationship with pressure Bartholomew(2006). The Quantachrome Instruments AUOSORB-1 uses the 
static volumetric method with nitrogen as the adsorbate gas Quantachrome(2001). The specific surface 
area S of the solid (eqn 2.5-4) can be determined using multi-point BET. Calculation is done by 
first using the slope s and line intercept i to get the monolayer weight Wm (eqn 2.5-2) then 
solving for the total surface available St (eqn 2.5-3) where N is Avogadro’s number (6.022 
x1023), MWt is molecular weight of nitrogen, Acs the cross-sectional area for hexagonal close 
packed nitrogen molecule (16.2 A2) and w the sample weight. 
Wm  = 
1
s  C i
     
(eqn 2.5-2) 
  St = 
Wm N Acs 
MWt
     
(eqn 2.5-3) 
   S = 
St 
w
      
(eqn 2.5-4) 
 Pores are characterized according to their size: 1) micropores have diameter less than 
2nm, 2) mesopores have diameter between 2-50nm and 3) macropores have diameter greater 
than 50nm Bartholomew(2006). Low-temperature nitrogen adsorption is best used to measure the 
mesopore volume, but in principle it can also be used for the micropore volume (depending on 
  
   
 31
the equipment and the processing time). On the other hand, macropores are best measured by 
mercury intrusion method.  
BJH Pore Size Distribution. For isotherms exhibiting hysteresis, the desorption 
isotherm is used for evaluating pore size distribution. As compared to an adsorption isotherm, a 
desorption isotherm has a lower free energy state which puts it much closer to the true 
thermodynamic stability Quantachrome(2001).  Assuming cylindrical pore geometry, mesopore 
calculations are made using the Kelvin equation. Using available constants for nitrogen, where rk 
is the Kelvin radius (eqn 2.5-5), rp the pore radius (eqn 2.5-6) and t is thickness of the adsorbed 
layer, the Kelvin equation can be written as: 
r  ( Ao) = 4.15
log 

Po
P

    
(eqn 2.5-5) 
rp = rK  C t
    
(eqn 2.5-6) 
 The Quantachrome Instruments AUOSORB-1 is interfaced with Quantachrome  
AUOSORB-1 software that uses Barrett- Joyner- Halenda (BJH) method to compute the pore 
size distribution Quantachrome(2001). This method assumes all pores are initially filled by fluid and 
that the largest pore radius rp has physically adsorbed nitrogen occupying a certain thickness t. 
Inside this thickness is the inner capillary radius rk, as shown in Figure 2.5-1 Bartholomew(2006). 
rp rk
t
Kelvin Pore Radius
V1
dt
BJH Method
 
Figure 2.5-1 Kelvin Pore Radius and BJH Method 
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Upon lowering of the relative pressure, a volume V1 will desorb from the Kelvin pore 
radius Quantachrome(2001). This represents an emptying of the pore and reduction of the physisorbed 
layer by an amount dt. Lowering the relative pressure a second time will again results to another 
desorption but this time of volume V2. Again this represents emptying of the next larger size 
pores and further thinning of the physisorbed layer in the largest pore size. The stepwise 
desorption is continued and the pore areas cumulatively summed to get the pore size distribution.  
2.5.2 X-Ray Diffraction 
The crystalline phase of TiO2, whether anatase or rutile, can be identified from a 
diffractogram or an X-ray diffraction scan Thomas(1997). Inside the equipment, a platform is rotated 
gradually to change the angle between the X-ray beam, the sample and the detector. Each signal 
in the X-ray spectrum corresponds to a Bragg reflection, represented mathematically by Bragg’s 
law (eqn 2.3-1) where d is the distance between crystal planes, θ is the angle of incidence the x-
ray beam makes with the crystal plane, λ is the wavelength of the x-ray and n is an integer 
usually assigned a value of 1, shown in Figure 2.5-2 Poole(2003). 
d
θ
d sin θ
incident 
beam
reflected 
beam
crystal planes 
 
Figure 2.5-2 X-ray Beam Reflection in Crystal Planes 
 Each crystalline phase has a unique diffraction pattern which is plotted as a diffraction 
angle (2θ) against relative intensity. The plot comes out with characteristic peaks that can be 
compared to a comprehensive library containing standard reference peaks of known, previously 
studied solids Thomas(1997). Once a match is made, then the crystalline phase is easily identified.  
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It is also possible to conduct a quantitative analysis of the sample. Through comparison 
of the relative peak intensities and standard reference values, the concentration of each particular 
phase can be determined. X-ray diffraction is a very reliable and robust tool in doing qualitative 
analysis, as long as the crystallites are larger than 5nm and are greater than 1% of the total 
sample Bartholomew(2006).  
2.5.3 Scanning Electron Microscope 
Morphology of PBG TiO2 is very important. The lattice structure and pore size dimension 
will determine the PBG properties of the photonic crystals. Electron microscopy uses a beam of 
monochromatic electron to create high-magnification and high-resolution images that is 
otherwise not possible in an ordinary optical microscope. A scanning electron microscope scans 
the surface of the sample in a raster pattern using an electron beam Poole(2003). Electrons strike the 
surface and interact with the atoms at or near the surface to produce electrons (secondary, back-
scattered, auger, transmitted) and electromagnetic radiation (x-ray, infrared, visible, ultraviolet 
light) Reimer(1985). These are counted by their respective signal detectors, amplified and converted 
to an image representing the surface being scanned. The final image is built from these signals, 
which are detected from each spot on the grid.  
The thermionic electron gun, shown in Figure 2.5-3 Reimer(1985), is the main source of the 
electron beam. Here, electrons are emitted upon thermal heating of the tungsten filament 
cathode. The Wehnelt cup has a negative potential that collects the electron on the filament tip. 
The cup creates a near perfect point source called a space charge Oatley(1972). From this point 
source, electrons are accelerated towards the anode by a positive voltage potential. Thus, a 
monochromatic electron beam is created and each electron possesses the same energy or 
wavelength.  
  
   
 34
Cathode
Anode
Wehnelt
cup
+
-
 
Figure 2.5-3 Thermionic Electron Gun  
The beam goes past the anode through a slit and passes through a condenser lens. The 
lens is composed of circular electro-magnetic coils that align the electron path along the central 
axis and remove any high angle electrons from the beam, shown in Figure 2.5-4 Postek(1980). The 
beam then passes through the condenser aperture, to a set of scan coils which deflects the 
electron back and forth via a magnetic field according to the raster pattern Poole(2003). Finally, the 
objective lens focuses the scanning beam on the desired spot of the sample. 
electron
gun
condenser
lens
scan
coils
objective
lens
 
Figure 2.5-4 SEM Lens System  
  
   
 35
There are many imaging modes of the SEM Reimer(1985). The secondary electron (SE) 
image is the most important and often used. These electrons created by inelastic electron 
collisions Oatley(1972) are collected in a grid located on the side of the specimen. The other imaging 
modes derive its signal from any one of the following: backscattered electrons, auger electrons, 
transmitted electrons, cathodoluminescence (CL), ultraviolet/ visible/ infrared light, X-rays and 
specimen current Postek(1980).   
The entire microscope column is put under high vacuum to ensure no interference of gas 
molecules or dust particles with the beam of electron Postek(1980). The high electron energy can 
cause these molecules to ionize. The vacuum also keeps the chamber a closed system, preventing 
air from oxidizing the filament and burning it out. Moisture can also cause corrosion and dirt 
may deposit inside the electron column if left open.  
For the SEM to work, the specimen has to be conductive. This makes it possible for the 
electron beam to scan the surface and the electron to have a path to the ground. Without this 
grounding, electrical charging of the specimen will occur Oatley(1972) resulting to poor images 
Non-conductive samples are prepared through sputter-coating. This deposits a thin layer of metal 
such as gold, gold/ palladium alloy or platinum and makes the sample conductive for SEM 
application. It also improves the contrast and resolution resulting in better image. 
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CHAPTER 3: EXPERIMENTAL 
 This chapter contains information about the apparatus, procedure and photocatalyst 
characterization methods used in this work. Section 3.1 is a discussion on the experimental 
apparatus used in the ethanol PCO. This is followed by a discussion on experimental procedure, 
Section 3.2. Lastly, the steps in the characterization of the TiO2 photocatalyst are discussed in 
Section 3.3.  
3.1 Apparatus 
 The photoreactor system is used to accomplish the photocatalytic oxidation of ethanol in 
the presence of UV light, using TiO2 as photocatalyst. It is designed as a continuous one-
dimensional flow reactor system, running at steady-state, 100% relative humidity, low flowrate 
and high residence time.  
It is capable of studying changes in type of photocatalyst, photocatalyst loading, ethanol 
concentration, residence time, temperature and UV light intensity. It can be modified to run at 
different relative humidities, varying levels of oxygen concentration and in combination mixtures 
with other VOC’s. 
This section on experimental apparatus can be divided into the following sub-topics: 
photoreactor flow systems, ultraviolet emission spectra, glass plate photoreactor design and gas 
chromatograph system.  
3.1.1 Photoreactor Flow Systems 
 Air Delivery System. The schematic of the experimental set-up is shown in Figure 3.1-1. 
Building air is the carrier gas for the system. Tygon tubing (R-6303) connects the building air 
supply to the inlet piping.  System piping is made from ¼” sized 316 stainless-steel tubing and 
inter-connected by Swagelok tube fittings.  
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Figure 3.1-1 Schematic of Experimental Set-Up 
An on/off valve (Whitey ball valve ¼” sized SS-42S4) controls the main supply of air 
going into the system. Through a metering valve (Nupro ¼” sized SS-4MG designed with a 
vernier handle), air flowrate is adjusted to the baseline value of 15 ccm by aligning the markings 
on the knob to the vernier markings on the valve stem.  
The calibration chart of the mass flowmeter used in the experiment is shown in Figure 
3.1-2. Air flowrate is monitored using a mass flow meter (Omega FMA 1912) which is operated 
with the mass controller function turned-off. Flowmeter digital readout is calibrated by setting 
various flowrates between 0 to 200 ccm. The calibration is done by filling a 50mL graduated 
cylinder with water then inverting it in a 1Li glass flask or any suitable wide-mouth container. 
Air coming out of the mass flowmeter is collected under the inverted graduated cylinder, which 
then displaces the liquid water inside the cylinder. Using a stopwatch, the time it takes to fill the 
inverted cylinder with air is measured. Actual flowrate is computed by dividing the displaced 
volume of water with time. The process is repeated to come up with nine measurement points. 
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The final output is a calibration chart indicating that a slight off-set of 11 ccm must be subtracted 
to the mass flowmeter digital readout to get the actual flowrate readings. 
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Figure 3.1-2 Calibration Chart of Omega Mass Flowmeter 
Ethanol Evaporator. A 1% ethanol aqueous solution is prepared through dilution of 
100uL pure anhydrous ethanol with 9.9mL of deionized water. The solution is placed in an 
evaporator where the carrier air is bubbled through the solution.  
Glass wool is packed at the evaporator outlet to act as condensate trap. The wool catches 
any droplet entrained in the ethanol-air stream and prevents it from going into the piping and 
entering the photoreactor. 
Ethanol Sampling. The ethanol vapor-air sample is taken at the syringe sampling ports 
located at the reactor inlet and the outlet. These sampling ports are mounted with Teflon liners 
(9.5mm from Supelco) to provide a hermetic seal during syringe insertion. Vapor samples are 
taken using a 100uL gas-tight syringe from Agilent technologies (teflon tip plunger, 5182-9610). 
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Samples are then injected to a gas chromatograph (HP 5890 coupled to an HP 3390A integrator) 
to obtain the peak and integration area, discussed later in Section 3.2.2.  
Temperature Monitoring. Thermocouples are mounted on the bubbler, reactor, inlet 
and outlet pipes. Local temperature changes are monitored through a digital readout (421501 
Extech Instruments, Type K Thermocouple). 
3.1.2 Ultraviolet Emission Spectra 
 The ultraviolet light used for the experiment is classified as UV-A. This UV category has 
a wavelength range between 320 to 400nm. The light source is a UV lamp that comes with a 
UV-A cut off filter, resulting to a transmission wavelength of between 360 to 370 nm and a peak 
at 365nm. The optic window used for the photocatalytic reactor is made from borosilicate glass 
capable of transmitting 90% of the UV-A at 365 nm peak wavelength. Two instruments measure 
the UV light when operated at low and high UV intensities. 
UV Radiation. The ultraviolet wavelength spectrum is shown in Figure 3.1-3. Ultraviolet 
light is an electromagnetic wave having wavelengths shorter than visible light but longer than x-
rays. It is invisible and possesses higher energy than visible light. At the far end region between 
100 to 280nm is UV-C Hockberger(2002). Also known as short wave or germicidal, it is the portion of 
the UV spectrum absorbed by the ozone and rarely reaches the earth surface. In the middle 
between 290 to 320nm is UV-B or medium wave believed to cause much of the UV effects on 
biological organisms. On the other end between 320 to 400nm is UV-A, otherwise known as 
long wave or black light. This is the UV range utilized in the ethanol PCO with TiO2 as 
photocatalyst.      
There is another set of terminology used which is based more on the properties of UV 
radiation Hockberger(2002). Near UV (290-400nm) rays are classified as those from the sun that reach 
the earth surface. Electromagnetic waves between 10 to 180 nm are called Vacuum UV and 
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require vacuum during UV measurement. Lastly, Far UV rays are those with wavelengths 
between 180 and 290 nm, located in-between Near and Vacuum UV. 
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Figure 3.1-3 Ultraviolet Wavelength Spectrum 
UV Lamp. The emission spectra of the bulb installed in the UV lamp is shown in Figure 
3.1-4. For this work, a Blak-Ray A-100 series spotlamp equipped with a 100watt bulb (UVP Inc., 
Upland CA) is used as a UV light source.  The bulb has an emission spectra ranging from 360 to 
570nm with five distinct peaks: 365nm, 405nm, 436nm, 549nm and 580nm. The intensity of the 
peaks at 360nm and 405nm is approximately half that of the other three based on peak height and 
width. 
Shown in figure 3.1-5 is the spectral chart of the lamp when mounted with its UV-A cut-
off filter. The range of UV-A wavelength transmitted is between 360 to 370 nm with a peak at 
365nm. The UV intensity based on manufacturer specification is 21.7 mW/cm2 @ 2” and 8.9 
mW/cm2 @ 10”. In this particular UV light set-up, the intensity can be varied by adjusting the 
distance of the lamp to the photocatalytic reactor or by varying the voltage supply to the lamp.  
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Figure 3.1-4 Emission Spectra of UV Lamp Bulb 
 
Figure 3.1-5 Emission Spectra of UV Lamp with UV-A Cut-Off Filter 
 Optical Window. The transmission spectra of the borosilicate window used to cover the 
photoreactor is shown in Figure 3.1-6. The window (Techspec Borofloat from Edmund Optics, 
Barrington NJ) essentially covers the reactor while permitting UV-A to pass through. A 
dimension of 150 mm diameter and 6.5 mm thickness maximizes the UV exposure area of the 
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photocatalyst bed. The window has a transmission spectra of 90% for UV wavelengths greater 
than 350 nm. 
 
Figure 3.1-6 Transmission Spectra of Borosilicate Window 
 UV Measurement. UV radiation is measured using two devices. For low intensity 
applications (less than 0.2mW/cm2) a UVX Radiometer (UVP Inc., Upland CA) equipped with a 
UVX-36 longwave sensor is used. It is calibrated at 365nm but can be used also for 335 to 
380nm applications. For high intensity applications (less than 1 W/cm2 but greater 0.2mW/cm2) 
a UV Spy (Apprise Technologies Inc., Duluth MN) is used instead which has a 320 to 400nm 
spectra response. Both these instruments have calibration traceable to NIST and National Physics 
Laboratory. 
3.1.3 Glass Plate Photoreactor Design 
 A glass plate, single pass, one-dimensional, continuous flow reactor is designed to 
accomplish the photocatalytic oxidation of ethanol and measure its PCO conversion. An 
aluminum disk is hollowed out in the middle to produce a well and a catalyst bed. Inside the 
well, glass slides coated with TiO2 photocatalysts are placed. The plate is covered with a 
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borosilicate window and sealed with o-rings. The reactor has the option to be heated by a heating 
lamp to allow PCO at higher temperatures.  
 Aluminum Body. The top view of the glass plate photoreactor is shown in Figure 3.1-7. 
The cross section is shown in Figure 3.1-8. An aluminum disk with outside diameter of 175 mm 
and 20 mm thickness is hollowed out to feature a square well. Inside this well is an elevated 
catalyst bed with an area equivalent to three glass slides. The glass slide has standard dimensions 
of 1”x3” and 1.5 mm thickness. Coated on top of the slide is the TiO2 photocatalyst. Two 
channels measuring 10mm x 15mm run parallel to each other along the sides of the catalyst bed. 
The inlet channel is connected to the gas inlet and the outlet channel is connected to the gas 
outlet. This configuration allows gas from the inlet channel to flow over on top of the bed, across 
a 3.5 mm passage parallel to the glass slides, out to the other channel and exits at the gas outlet. 
The reactor is operated at a low flowrate (15 ccm) that results to a high residence time (81 
seconds), maximum UV-A exposure and optimum contact time with the photocatalyst.  
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Figure 3.1-7 Top View of Photoreactor 
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 Borosilicate Window. The cross-sectional view of the glass plate photoreactor is shown 
in Figure 3.1-8. The aluminum body is covered with a borosilicate window and sealed by a Viton 
o-ring. A Techspec Borofloat material from Edmund Optics is chosen because of the high 
transmission (90%) values for UV-A. O-ring is also placed on top of the window to minimize 
mechanical stress resulting from the direct contact with the metal cover. A face seal static gland 
design of the o-ring groove is followed, equivalent to a 30% squeeze.  
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Figure 3.1-8 Cross-sectional View of Photoreactor 
Gas Flow Inside the Photoreactor. The ethanol vapor-air stream enters the glass plate 
photoreactor through a circular inlet located on one side. The stream proceeds to a rectangular 
inlet channel where flow velocity is effectively reduced, stabilizing the flow. The inlet channel 
acts as the source reservoir supplying vapor-air flow across the bed. The main pressure drop is 
predicted to be across the bed, between the source and the receiver reservoir located on opposite 
ends. This pressure difference is the driving force for flow on top of the photocatalyst bed. This 
configuration results to a one-dimensional flow where the concentration gradient arising from 
ethanol PCO exists only in the direction of flow. This also prevents channeling where air packets 
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near the inlet or outlet would have lower residence time. Finally it goes out of the outlet located 
on the other side of the photoreactor, opposite the reactor inlet.  
 Heating Element. The photoreactor has the option to be heated by a tungsten heating 
lamp. This can be done through radiative heating at the bottom of the aluminum plate. 
Temperature will be adjusted by varying the voltage input to the heating lamp. A maximum 
operating temperature of 204oC will be limited by the Viton o-ring. Heating tapes will be 
wrapped around the gas inlet and outlet to preheat the incoming gas and minimize any 
condensation.  
3.1.4 Gas Chromatograph System 
 The analytical equipment used to measure ethanol concentration is a gas chromatograph 
coupled to an integrator. 
 Gas Chromatograph. The gas chromatograph (GC) used in the experiment is a model 
HP 5890 from Hewlett Packard. The capillary column used is the SPB-20m from Supelco, with a 
length of 60m, 0.53mm diameter and 0.5um thick phase film. The gas supplies are ultra-high 
purity (UHP) helium (UN 1046), UHP air (UN 1002) and hydrogen (UN 1049), all sourced from 
Capitol Welders. The supply pressure is kept at 40 psig using two-stage pressure regulators (VTS 
250 series from Victor Regulators). However, head pressure going into the capillary column is 
maintained at 18 psig and monitored using the pressure gauge mounted on the GC operating 
panel. The following are the GC gas flowrate settings: split flowrate is 38 mL/min, helium 
flowrate through the column is 4.5 mL/min, hydrogen make-up gas flowrate is 12.6 mL/min and 
air flowrate for the flame is 276 mL/min. Oven, injector and detector temperature settings are 
150, 150 and 250 oC respectively.   
Integrator. The GC is coupled to an integrator, model HP 3390A also from Hewlett 
Packard. It converts the flame ionization detector (FID) signal coming from the gas 
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chromatograph into peak values and integration areas. The results are plotted on a thermal paper, 
which can be kept as records of the run. 
3.2 Procedure 
 The procedures needed to complete the ethanol PCO experiments described in this work 
require knowing the photocatalyst sample preparation, photocatalyst coating on substrate, 
running the photoreactor and flow system. The topic can be divided into the following: 
photocatalytic oxidation experiment, gas chromatograph operation, preparation of TiO2 bulk 
samples, PS colloidal crystal template coating, sol-gel infiltration-hydrolysis and PBG TiO2 
coating on glass slide.  
3.2.1 Photocatalytic Oxidation Experiment 
 The steps in conducting a PCO experiment consist of the start-up, performing the 
experiment and the shutdown procedure.  
 Start-Up. Glass slide coated with the photocatalyst is placed inside the well. The o-ring 
is positioned on the glands to ensure an air-tight photoreactor during the experiment. Afterwards, 
the metal plate cover and the borosilicate window is mounted on top of the photoreactor and 
secured by six allen-wrench screws. Opposite screws are tightened alternately to prevent uneven 
mechanical stress on the borosilicate window. 
A 1% aqueous solution of ethanol is prepared by diluting 100uL of pure anhydrous 
ethanol with water up to 10mL. The solution is placed in the bubbler and the bubbler inlet/ outlet 
is connected to the system using tygon tubing. 
The ball valve is switched to the ‘ON’ position and the vernier handle of the metering 
valve is turned to align the markings to 3.5, the established setting for a 15 ccm baseline 
flowrate. The flowrate is confirmed in the Omega mass flowmeter digital display. If the digital 
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display shows another value, flowrate is adjusted by turning the vernier handle to get the desired 
value. 
System flow and ethanol concentration is allowed to become stable by running the 
photoreactor for 40 minutes to 1 hour. An 80uL gas sample is taken at the reactor inlet and 
outlet. This is injected to the gas chromatograph and the response area is recorded. Three to four 
pairs of samples are taken following a sampling interval of 2 to 3 minutes which is the 
approximate residence time for the gas sample to pass through the capillary column and out to 
the FID detector. The resulting value is the initial steady-state concentration of ethanol prior to 
PCO. 
Performing the Experiment. Once the initial steady-state inlet and outlet concentration 
data have been established, the UV light is switched ‘ON’.  The flow and ethanol concentration 
is allowed to achieve PCO steady-state by allowing the run to proceed for approximately 40 
minutes to 1 hour. Then 3-4 gas samples are again taken at the reactor inlet and outlet. This value 
is now the steady-state concentration of ethanol during PCO.   
After completing the PCO, UV light is turned ‘OFF’ and the system is allowed to go back 
to its initial steady state. Again 40 minutes to 1 hour is allowed to pass and samples are taken to 
re-establish the ethanol concentration at initial steady state, with no PCO taking place. Then the 
UV light is switched ‘ON’ and the procedure is repeated. The cycle of UV light between ‘ON’ 
and ‘OFF’ will help establish if PCO is indeed taking place in the presence of the UV light. 
Shutdown. Once the experiment is finished, the glass slides coated with the photocatalyst 
are taken out of the reactor. The ethanol evaporator is also taken off-line and replaced with a by-
pass connector to complete the piping connection. The Nupro metering valve is turned fully open 
resulting to a maximum flowrate between 160 to 170 ccm. The photoreactor system is left 
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overnight in this high flowrate to flush out any remaining ethanol inside the system. This 
conditions the system for the next experiment the following day. 
3.2.2 Gas Chromatograph Operation 
 The steps in the operation of the gas chromatograph (GC) consist of the start-up, 
operation and shutdown.  
 Start-Up. The gas supply (helium, oxygen and hydrogen) is turned-on by opening the 
two-stage pressure regulators. Then the flame ionization detector (FID) is switched-on by 
clicking the FID ignitor button. Flame is verified by putting a microscope slide on top of the FID 
exhaust, where moisture or condensate should be detected.  
The integrator is also switched-on. Peak width is set at 0.13 and attenuation is set at 7. 
These settings are verified by pressing the ‘LIST’ button twice. The integrator will print the 
existing peak width and attenuation settings on the thermal paper. 
 Operation. Samples are injected in the injection port using a 100uL gas tight syringe 
(Agilent). The GC and the integrator ‘START’ button are then pressed simultaneously to record 
the peak and obtain the integration area.  
If peak broadening happens, check that the column head pressure is 18 psig. If below this 
value, check for leaks at the helium gas line. If column head pressure drops during injection, 
replace the septa at the injection port. Septa is normally replaced every 50th injection. 
 Shutdown. Once the run is completed, the gas supply for oxygen and hydrogen is turned-
off while the carrier gas is left running through the column. Extinguished flame is verified by 
putting a microscope slide on top of the FID exhaust, where moisture or condensate should not 
be detected. The hydrogen gas supply is double-checked to make sure no supply of hydrogen is 
going into the oven. Without a flame, the hydrogen may accumulate inside the oven creating an 
explosion hazard. Oven, injector and detector temperature settings are maintained at 150, 150 
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and 250 oC respectively. This setting keeps the GC baseline signal stable overnight and ready for 
the next run the following day.  
The integrator can also be switched off but this will erase all the integrator settings used 
in the peak area integration. 
3.2.3 Preparation of TiO2 Bulk Samples 
 Three types of photocatalyst unstructured samples were prepared without using the 
polystyrene (PS) template. Both the P25 slurry and unstructured sol-gel TiO2 resulted to a good 
distributed coat on top of the substrate.  
 Powdered P25 Samples. The desired photocatalyst loading per glass slide is determined. 
Based on this weight, powdered sample of Degussa P25 is weighed in an analytical balance. The 
powdered P25 is then spread across the surface of the glass slide using a flat spatula, ensuring 
uniform coverage of the entire glass slide surface. Big particles or chunks are further reduced 
through grinding and then loosened-up and spread again across the surface. This ensures a more 
uniform particle size and better surface coverage. 
 P25 Slurry Samples. The initial weight of the glass slide is taken using an analytical 
balance. Then a 10 mg/mL P25 slurry solution is prepared by suspending 100 mg of Degussa 
P25 in 10 mL deionized water. The solution is thoroughly mixed using a magnetic stirring plate, 
ensuring homogeneity. The target weight of P25 to be deposited is determined and the exact 
volume of slurry is calculated. This volume of slurry is placed on the glass slide using a pipette, 
completely covering the slide surface. The sample is then air-dried for 30 minutes to 1 hour, 
depending on the amount of the sample. The amount of P25 deposited on each slide is confirmed 
by reweighing in the analytical balance and determining the change in weight of the glass slide. 
 Unstructured Sol-gel TiO2 Samples. 50 mL of anhydrous ethanol is placed in a 100 mL 
beaker and set on a magnetic stirring plate. While being stirred, 408 uL of titanium ethoxide is 
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added to the solution. The solution is covered ensuring an air-tight seal and stirring is continued 
for 1-2 hours. Afterwards, 864 uL of deionized water is added, turning the liquid into a cloudy 
solution. Stirring is continued for 8 hours more to ensure complete reaction to sol-gel (sg-TiO2).  
Each glass slide is initially weighed in an analytical balance. The target weight of sg-
TiO2 to be deposited is determined and the exact volume of sol-gel solution corresponding to this 
weight is calculated. This volume of solution is then placed on the glass slide using a pipette, all 
the while stirring the solution in the beaker. Normally, 2 mL of the sol-gel solution can be placed 
on one glass slide for maximum surface coverage and held there by surface tension. If more that 
2 mL is required, 30 minutes is allowed for some of the ethanol to evaporate from the glass slide 
before placing an additional 1 mL.  If needed, additional sol-gel solution of TiO2 is placed in 1 
ml and 30 minute increments thereafter. Addition of sg-TiO2 while the solution has not yet 
completely dried ensures good adhesion of the dried sol-gel cake and prevents it from flaking 
off.  
Once the desired volume of sg-TiO2 has been placed on the glass slide, the sample is air 
dried. It is then weighed and the difference noted down. This gives the weight of uncalcined sg-
TiO2 deposited on the glass slide.  
The slides are put in an oven initially set at 70 oC and the temperature setting is ramped in 
30 oC increments every 30 minutes for the first 4 hours until reaching 300 oC, then ramping is 
increased to 50 oC increments every 30 minutes until reaching 450 oC. Temperature is 
maintained at this level for 1-2 hours, completing the calcination of sg-TiO2 and conversion to 
anatase crystalline phase.  
Oven is allowed to cool down for 2 hours, the slides are taken out and re-weighed. The 
difference in weight from the weight of the glass slide gives the weight of calcined sol-gel (csg-
TiO2). 
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3.2.4 PS Colloidal Crystal Template Coating 
 The colloidal crystal made from PS spheres is the first step in the sol-gel templating 
synthesis. It provides the template from which the final macroporous structure will be formed. 
Three PS colloidal crystal template assembly methods were used: dipcoating, thick layer 
evaporation and convective assembly.  
 Dipcoating (DC). A 0.5% (w/w) solution of 120 nm polystyrene (PS) latex microspheres 
(5000 series from Duke Scientific Corporation) is prepared by diluting 500 uL of the original 
10% (w/w) solution to 10 mL using deionized water. One face of the roughened glass slide 
substrate is dipcoated into this solution three times by laying one side on top of the solution and 
ensuring complete surface wetting. The slides are air dried for around 30 to 45 minutes in 
between the dip coating, resulting to a uniform layer as the coating builds-up. 
 Thick Layer Evaporation (TLE). A 0.5% (w/w) PS solution is prepared by diluting 500 
uL of the original 10% (w/w) solution to 10 mL using deionized water. Using a pipette, this 
solution is placed directly on top of the glass slide substrate and allowed to evaporate for 2 to 3 
hours. This leaves a uniform coating of PS spheres on the glass substrate. 
 Convective Assembly (CA). A 0.01% (w/w) PS solution is prepared by diluting 100 uL 
of the original 10% (w/w) solution to 100 mL using deionized water. The roughened glass slide 
substrate is inclined vertically inside a 100 mL beaker that is filled up to the brim with the 0.01% 
PS sphere solution. With the glass slide almost fully submerged, solution is then allowed to 
slowly evaporate for 6 to 7 days.  
3.2.5 Sol-gel Infiltration and Hydrolysis 
 The sol-gel infiltration and hydrolysis is the second step in the sol-gel template synthesis. 
This section describes the two techniques for sol-gel infiltration and hydrolysis used to fill the 
voids of the colloidal crystal template with sg-TiO2. The first method, immersion infiltration can 
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be done either with fast hydrolysis which requires addition of water in excess or ambient 
hydrolysis which relies on the atmospheric moisture to diffuse through the solution. The second 
method, thick layer infiltration only relies on the atmospheric moisture to complete the 
hydrolysis. Also discussed is thin incipient wetness, a pre-treatment step to strengthen the 
template prior to immersion infiltration. 
Immersion Infiltration (II), Fast Hydrolysis (FH). The glass slide substrate coated 
with the PS colloidal crystal template is transferred to a glass beaker containing 50 mL of 0.27% 
(vol) alkoxide precursor solution. This precursor solution is prepared from 50 mL anhydrous 
ethanol and 136 uL of titanium ethoxide. The solution is thoroughly mixed in an air-tight seal for 
1 to 2 hours. Then 288 uL of deionized water is added, turning the liquid into a cloudy solution. 
The slides are maintained in the solution for 8 hours. Afterwards, the glass slides are taken out 
and air-dried for approximately 30 minutes to 1 hour. Once the ethanol solvent has evaporated, 
the final weight of the glass slide is recorded.   
 Immersion Infiltration (II), Ambient Hydrolysis (AH). The same procedure as the wet 
deposition is followed except that after preparing the 0.27% (vol) alkoxide precursor solution 
and mixing for 1 to 2 hours, no water is added. The slides are placed in the solution and 
maintained there for 8 hours. A slight opening on the cover (approximately 0.5 in2) allows 
atmospheric moisture to come in contact with the precursor solution and proceed by ambient 
hydrolysis. Afterwards, the glass slides are taken out, air-dried and weighed. 
 Thin Incipient Wetness (IW). This procedure is used to initially ‘set’ or ‘strengthen’ the 
PS template prior to the immersion infiltration. A 0.27% (vol) alkoxide precursor solution is 
prepared by mixing 50 mL anhydrous ethanol and 136 uL of titanium ethoxide. Then, 100uL of 
this solution is dropped sparingly on the surface of the template coat, just enough to wet the 
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surface. The sample is then air-dried for 30 minutes up to 1 hour. Once dry, it is transferred to a 
beaker for the immersion infiltration process. 
Thick Layer Infiltration (TLI), Ambient Hydrolysis (AH). A 0.27% (vol) alkoxide 
precursor solution is prepared by adding 136 uL titanium ethoxide to 50 mL of anhydrous 
ethanol. Using a pipette, 1.5 mL of this solution is placed on the surface of the template coat to 
infiltrate the PS colloidal crystal template. This is set aside to evaporate the ethanol and allow 
atmospheric moisture to diffuse through the stagnant layer, completing the ambient hydrolysis. 
The procedure is repeated for the remaining slides. Once dried, the glass slides are weighed and 
recorded. Processing of each slide takes approximately 1 to 2hours to complete. 
3.2.6 PBG TiO2 Coating on Glass 
This procedure outlines the step needed to coat the glass slide substrate with the PBG 
macroporous TiO2. For the three methods of colloidal crystal template coating and two types of 
sol-gel infiltration, see previous sections (3.2.4 and 3.2.5) for the related discussion.  The same 
methodology was also used when optic fiber is used as a substrate, except that only the 
dipcoating and immersion infiltration were done.  
 Roughening of the Glass Slide Surfaces. Four glass slides (dimensions: 3in x 1in x 1.5 
mm) are placed side-by-side and taped at the back to immobilize them during the sanding 
process. Using continuous and even stroke, the front-side is roughened with fine sand paper 
(220A) to aid with the adhesion of the polystyrene solution. Steady downside pressure is needed 
for maximum effect. The slides are ready once the surface no longer reflects light and uniform 
horizontal scratches are clearly visible.  
The tape is peeled off and using sand paper, each slide is marked at the back-side with an 
identifying number. Roughened slide is washed with tap water to remove fines and dried with 
paper towel, then washed again with deionized water to remove any remaining particles, and 
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finally wiped then dried with kimwipes. Each slide is weighed in an analytical balance and their 
initial weight recorded. 
 PS Colloidal Crystal Template Coating. The roughened glass slide is template coated 
with polystyrene spheres using either dipcoating (DC), thick layer evaporation (TLE) or 
convective assemble (CA). Once coating is completed, each slide is again weighed and recorded. 
 Sol-gel Infiltration and Hydrolysis. The slides are then transferred to a glass beaker for 
accomplishing either the immersion infiltration (through ambient hydrolysis II-AH or fast 
hydrolysis II-FH) or the thick layer infiltration (TLI). Immersion infiltration can be preceded by 
the thin incipient wetness (IW), which is a pre-treatment step to strengthen the PS colloidal 
crystal template. Once the template is completely filled and air dried, each slide is again weighed 
and recorded. At this point prior and to calcination, titania weight is recorded as sol-gel (sg) 
TiO2.   
 Calcination to Remove PS Template. The slides are then put in an oven initially set at 
70oC and the temperature setting is ramped in 30oC increments every 30 minutes for the first 4 
hours until reaching 300oC. Temperature is maintained at this temperature for 1-2 hours to 
complete the removal of PS spheres. 
 Calcination to Convert Sol-gel to Anatase. Temperature ramping is continued in 50oC 
increments every 30 minutes until reaching  450oC, then maintained at this level for 
approximately 1-2 hours. This completes the calcination and conversion to anatase titania (csg-
TiO2).  
Oven is allowed to cool down for 2 hours and the slides are taken out. The slide is 
weighed one final time and the final weight recorded. 
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3.3 TiO2 Characterization 
 This section on TiO2 characterization can be divided into the following sub-topics: 
determining surface area, pore size distribution, identifying TiO2 crystalline phase and evaluating 
morphology of PBG TiO2.  
3.3.1 Determining Surface Area and Pore Size Distribution 
 The gas sorption system used to determine the surface area and pore size distribution of 
TiO2 bulk sample is the Quantachrome Instruments AUTOSORB-1 located at the Polymer 
Processing Laboratory supervised by Dr Kerry Dooley, Rm 159 Chemical Engineering Building. 
The moisture and any adsorbed species on the sample are first removed under vacuum at 300oC. 
This is done by placing the sample in the glass bulb and mounting the bulb on the degas port. A 
heating mantle is placed around the bulb and degassing is done for 1 to 2 hours. Once degassing 
is finished and before taking out of the degas port, the headspace of the glass bulb is first filled 
with a helium blanket. It is then immediately transferred to the service port where nitrogen 
adsorption and desorption is done at a bath temperature of 77K. The required isotherms are 
generated in about 5 to 6 hours, using 20 adsorption and 20 desorption points. 
3.3.2 Identifying TiO2 Crystalline Phase 
 The X-Ray Diffractometer used to identify the TiO2 crystalline phase is the Rigaku Mini-
Flex located at the Materials Characterization Center managed by Dr Dongmei Cao, Rm 1210 
CEBA/ Patrick Taylor Hall.  
For the setting, an SCHV value of 630V is used. Measurement is done using a start angle 
of 20 and a stop angle of 40, since TiO2 anatase and rutile crystalline phase has a theta (2Θ) 
value of 25.4 and 27.5, respectively. Intensity is measured every 0.02 deg at a scan speed of 2 
deg/min. 
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3.3.3 Evaluating Morphology of TiO2 
 The samples are first coated with a thin layer of platinum-gold alloy to ensure good 
conductivity during SEM imaging. The instrument used is the Edwards S150 Sputter Coater 
located at the Microcopy Laboratory supervised by Dr Cindy Henk, Rm 24 Life Science 
Building. An open vial containing phosphorous pentoxide is placed together with the sample 
inside the cathode assembly/ bell jar to absorb any remaining moisture. Coating is done under a 
vacuum of 10-1 torr with argon as blanket gas. A coating time of 2minutes (10mA current) is 
equivalent to a coating thickness of approximately 200 Angstrom.  
 The scanning electron microscope used to evaluate the morphology of TiO2 is a Hitachi 
S-3600N VP-SEM located at the Materials Characterization Center managed by Dr Dongmei 
Cao, Rm 1210 CEBA/ Patrick Taylor Hall. The samples are first mounted on a standard 50mm 
disc holder having a standard height of 40mm. It is then put inside the SEM chamber and 
evacuated under high vacuum. The SE (secondary electron) imaging mode is used, using a 
working distance of between 7 to 12 mm and a 25kV acceleration voltage. The image is captured 
using a scan speed setting of 80/100s and a resolution of 1280x960.  
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CHAPTER 4: RESULTS AND DISCUSSION 
 This chapter contains the result and related discussion pertaining to the three types of 
photocatalysts prepared in this work. Section 4.1 is a discussion on Degussa P25 results. This is 
followed by a discussion on the results of unstructured sol-gel TiO2, Section 4.2. Section 4.3 is a 
discussion on macroporous TiO2 deposited on an optic fiber substrate. Lastly, Section 4.4 is 
about the macroporous TiO2 deposited on a glass slide substrate.  
4.1 Degussa P25 
The commercial Degussa P25 is prepared in powder and slurry form. Additional details 
on the sample preparation steps can be found in Section 3.2.3. Material characterizations are 
done on the P25 slurry based on nitrogen adsorption/ desorption isotherms, X-ray diffractogram 
and scanning electron microscope images. PCO conversion and quantum efficiency are then 
calculated based on UV light experiments. 
4.1.1 Photocatalyst Characterization 
 Material characterizations were done on the P25 slurry to identify the TiO2 crystalline 
phase and obtain the available surface area of the photocatalyst. Pore size distribution of the P25 
slurry was also determined. Additional information on how the characterization is done can be 
found in Section 2.5 and 3.3. 
 XRD Characterization of P25 Slurry. The 20mg/slide P25 slurry sample was evaluated 
by an X-ray Diffractometer to determine the crystalline phase make-up of the Degussa P25 
sample. 
The XRD peak measurement result indicates one big peak at 2Θ=25.4 as shown in Figure 
4.1-1, which is representative of the (101) plane anatase crystalline phase Onfroy(2006). The smaller 
peak at 2Θ=27.5 is representative of the (110) plane rutile crystalline phase. This supports the 
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fact that Degussa P25 is predominantly anatase  Sauer(1996) though a small portion exists in rutile 
phase. 
XRD Peaks for P25 (20mg/slide)
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Figure 4.1-1 XRD Peak of P25 Slurry 
BET Surface Area of P25 Slurry. Shown in Figure 4.1-2 is the BET surface area of P25 
slurry. The surface area of the P25 slurry is obtained by applying multi-point BET on the 
adsorption isotherm generated within the relative pressure range P/Po of 0.05 to 0.3. Taking four 
points then plotting 1/[W(Po/P)-1] vs P/Po, this resulted to a slope s = 58.15, intercept i = 3.297 
and BET constant C = 18.64 to give a specific surface area of 56.68 m2/g.  This value is 
comparable to the literature values (50 +/- 15 m2/g) for Degussa P25 Sauer(1996).  
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Figure 4.1-2 BET Surface Area of P25 Slurry 
Pore Size Distribution of P25 Slurry. Shown in Figure 4.1-3 is the pore size distribution 
of the P25 slurry. The pores inside the P25 slurry was obtained by applying the BJH method on 
the full 20 point desorption isotherm. This resulted to a distribution profile a little skewed to the 
left. Average pore size is 3.3nm (based on volume distribution) with a range of values between 
1.6 and 9.5nm. The pores lie in the microporous/ mesoporous region. From the total pore volume 
(0.1105 cm3/g) and sample weight (0.208 g), a porosity of 0.3 and bulk density of 2.72 cm3/g 
were calculated. 
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Figure 4.1-3 Pore Size Distribution of P25 Slurry 
Degussa P25 is primarily made-up of non-porous 30 nm diameter spherical particles 
Sauer(1996). If this is assumed to undergo an HCP stacking pattern, the void spaces in-between the 
particle can be approximated to have an average diameter of 12nm (see also Appendix B.5), 
which is comparable in magnitude to the observed range of pore sizes.  
Shown in Figure 4.1-4 is an SEM image of a 78 mg/slide P25 slurry sample. These 
images show that Degussa P25 does not consist of monodisperse particles and as evident by 
distinct clumps in certain regions, some particles have apparently undergone agglomeration. This 
can explain the small pore sizes measured in Degussa P25 slurry.   
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Figure 4.1-4 SEM Image of P25 Slurry 
4.1.2 Photocatalytic Oxidation Experiment 
 Several experiments were performed to better understand the behavior of the ethanol 
PCO using Degussa P25 as a photocatalyst. First, using powdered P25, multiple UV On-Off 
cycles were completed to demonstrate that photocatalysis is taking place. The illumination area 
was then reduced to ensure maximum UV light illumination on the photocatalyst bed. 
Afterwards, PCO was accomplished to determine the effect of UV light intensity on PCO 
conversion. The catalyst loading was also increased to get bigger PCO conversion. Then to 
ensure a more uniform surface coverage of the substrate, Degussa P25 was shifted from powder 
to slurry form. Ethanol PCO conversion was measured at different P25 slurry loading.  Finally 
the quantum efficiency was calculated based on the optimum PCO conversion. 
PCO of 10mg Powdered P25, 1st UV On-Off Cycle.  Shown in Figure 4.1-5 is the 
ethanol PCO conversion using powdered P25. 10mg of powdered Degussa P25 was placed on 
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each glass slide. Three glass slides were put inside the photo reactor and PCO experiment was 
completed using two UV On-Off cycles.  
010908 Ethanol concentration vs time, two UV On-Off cycles
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Figure 4.1-5 PCO of 10mg/slide Powdered P25 
From the change in outlet concentration during the first UV On-Off cycle, a PCO 
conversion of 28% was calculated. In comparison, the conversion computed from the difference 
of the inlet against the outlet concentration was 27%.  
The close agreement between the two values clearly shows that measured values for the 
PCO conversion can be obtained in either two ways: 1) getting the difference in the outlet 
concentration before and after the UV light is turned on or 2) using the difference of the inlet and 
outlet concentration while the UV light is on. This is a clear demonstration of the flexibility and 
the consistency of the photoreactor system designed in this work. 
 PCO of 10mg Powdered P25, 2nd UV On-Off Cycle. Once the PCO conversion for the 
first UV On-Off cycle has been determined, this is followed by a second UV On-Off cycle.  
For the second PCO cycle, conversion was 23% based on the outlet-outlet concentration 
and 22% if inlet-outlet concentration is used, shown in Figure 4.1-5. Again, note the close 
agreement between the two values. 
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Combining the PCO conversion results from the 1st and 2nd UV On-Off cycle, an average 
PCO conversion of 25% was calculated. This clearly establishes that photocatalytic oxidation of 
ethanol is taking place only in the presence of UV light. In the absence of UV light, the reactor 
system reverts back to just a flow-through system for ethanol. During this period, concentration 
soon returns to the initial steady-state as can be clearly seen in the measurement taken between 
175 and 215 min, where the inlet and outlet concentration lie along the same values. 
 Reduced Illumination Area. The spatial distribution of light intensity in the UV lamp 
roughly approximates a Gaussian profile, as discussed in Appendix B.2. The peak intensity is 
mostly contained at the center, a 5cm circular region corresponding to an area of 19.6cm2. 
Beyond this region and at the illuminated edge, UV intensity is quite low. This results in a non-
uniform UV light intensity reaching the square photocatalyst bed, whose area (58 cm2) is much 
bigger than the 5cm region. The global photon flux reaching the bed is computed to be 2.017 
x1017 photon/s while the average local photon flux is 3.47 x1015 photon/s-cm2. 
Using a circular aperture of 5cm diameter, this retained most of the UV light intensity 
and improved the spatial distribution. The photocatalyst in the illuminated area of the bed is now 
exposed to relatively the same maximum light intensity and more importantly, conversion occurs 
at the highest global photon flux. Although the aperture results in a 30% reduction of the global 
photon flux (down to 1.403 x1017 photon/s), the reduction in surface area was almost 66% (down 
to 19.6 cm2). Over-all, a higher average local photon flux of 7.14 x1015 photon/s-cm2 was 
achieved, as compared to the original configuration.  
Shown in Figure 4.1-6 is the PCO conversion of powdered P25 using the 5cm aperture. 
The resulting average conversion for the 10mg/slide was 18% as shown in Figure 4.1-6, 0.72x 
lower than the original conversion of 25% as shown in Figure 4.1-5. Because of the 5cm 
aperture, the global photon flux is lowered by 0.7x from the original value. This is almost in 
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exact agreement with the reduction in PCO conversion. This confirms the direct proportionality 
of the conversion with respect to the global photon flux. 
011108 PCO conversion vs weight of powdered P25, 5cm aperture
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Figure 4.1-6 Effect of Catalyst Loading on PCO Conversion with the 5cm Aperture 
Effect of Catalyst Loading. Using the 5cm aperture and with only two glass slides 
illuminated inside the reactor, two PCO experiments were completed as previously shown in 
Figure 4.1-6. The first experiment used 10mg/slide of powdered P25 while the second 
experiment used 20mg/slide. 
The resulting average conversion for the 20mg/slide was 38%, shown in Figure 4.1-6. 
This value is almost twice that of the 10mg/slide which is at 18%. This is in complete agreement 
with the photocatalyst loading, since TiO2 weight was also increased twice as much. The 
powdered P25 does not entirely cover the substrate and there are gaps on the surface. As more 
P25 is added, these gaps become increasingly covered and catalyst loading is optimized in the x-
y (horizontal) direction. This confirms the direct proportionality of PCO conversion to the weight 
of photocatalyst and surface area coverage. 
Better Surface Coverage in P25 Slurry. Shown in Figure 4.1-7 is an illustration 
depicting the better surface area coverage for the P25 slurry. Merely spreading the photocatalyst 
in powdered form resulted to gaps in the illuminated area and uneven thickness. Suspended in 
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the slurry solution and as water dries up, P25 particles become packed into a dried cake or P25 
film which results to a complete and more uniform coverage of the illuminated area by the 
photocatalyst. This uniform film is equally evident in the previous SEM image shown in Figure 
4.1-4. This analysis suggests that shifting from powder to P25 slurry should result in enhanced 
PCO conversion because of better surface coverage by the photocatalyst. 
Powdered P25 P25 Slurry
 
Figure 4.1-7 Better Surface Coverage for P25 Slurry  
PCO of Slurry Compared with Powdered P25. Shown in Figure 4.1-8 is the PCO 
conversion of a 10mg/slide P25 slurry. The conversion for the 10mg/slide P25 slurry is 49% as 
evident in Figure 4.1-8. This is bigger by 2.7x as compared to the conversion obtained for the 
same amount of powdered P25, which is 18% as shown in Figure 4.1-6. The improvement in 
conversion value is attributed to the better surface coverage of the substrate for the same weight 
of Degussa P25.  
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Figure 4.1-8 PCO of P25 Slurry at Different Catalyst Loading 
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PCO of P25 Slurry at Different Catalyst Loading. Three sets of sample were prepared: 
5mg/slide, 10mg/slide and 20mg/slide. Two slides of each set were put inside the photoreactor 
and with the 5cm aperture in place, PCO experiment was completed as previously shown in 
Figure 4.1-8. 
As catalyst loading is doubled from 5mg/slide to 10/mg/slide, PCO conversion increased 
almost twice from 28% to 49%. Again here demonstrates the direct proportionality between 
conversion and catalyst loading, same observation as with the powdered P25. The higher the 
loading of P25 slurry, the thicker the coating becomes. Only this time, photocatalyst weight in 
the z (vertical) direction is being optimized. This confirms the direct proportionality of PCO 
conversion to the weight and coating thickness.  
However, no corresponding increase in PCO conversion was noted as catalyst loading 
increases from 10mg/slide to the 20mg/slide, shown in Figure 4.1-7. The conversion exhibits a 
saturation curve profile. This means significant improvement in PCO conversion with increasing 
catalyst weight but only at low TiO2 weight. This trend soon reaches a saturation value at higher 
TiO2 weight. Further increase in the amount of photocatalyst did not result in a significant 
improvement in PCO conversion. This behavior is understandable for photocatalytic oxidation, 
since reaction takes place as long as photons are available. However, availability of photons 
would largely depend on UV light penetration. 
Shown in Figure 4.1-9 is how UV light is believed to penetrate a bed of photocatalyst. 
Factors which could influence penetration of UV light would be particle properties (porosity, 
pore size distribution), packing characteristics (bulk density, void spaces), material properties 
(opacity, refractive index) and other optic behavior like internal scattering. For a powder P25 
layer, the literature value for maximum UV light penetration depth is 4.5um Sauer(1996).  
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Figure 4.1-9 UV Light Penetration in a Photocatalyst Bed            
For comparison, the 10 mg/slide mass loading corresponding to the saturation PCO 
conversion (49%) has a calculated thickness of 1.9 um. To rationalize this smaller penetration 
depth, the P25 slurry particles are much closely packed as water dries up and forms a thick film. 
This is compared to a powder which is expected to be loose and should have deeper UV light 
penetration. 
4.1.3 Quantum Efficiency 
Global reaction rate RGEtOH is calculated (eqn 4.1-1) from the PCO conversion XPCO, 
initial ethanol concentration CEtOH,o (3.5 x10-8 mol/cm3) and volumetric flowrate v (15 cm3/min). 
RGEtOH = CEtOH,o *XPCO * v    (eqn 4.1-1) 
Maximum theoretical efficiency is when one Einstein (a mole of photon or Einstein is 
6.022 x1023 photons) results to one mole of ethanol conversion. Hence quantum efficiency ξ is 
calculated (eqn 4.1-2) by dividing the global reaction rate RGEtOH with the global photon flux FG 
(1.403 x1017 photon/s or 2.33 x10-7 Einstein/s) that is passing through the 5cm aperture.  
ξ = (RGEtOH / FG) x 100%   (eqn 4.1-2) 
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Shown in Table 4.1-1 is a summary of the PCO conversion values, global reaction rate 
and quantum efficiency for the P25 slurry samples. It is clear that the high PCO conversion of 
0.49 resulted to a quantum efficiency of 1.84%. This value is low compared to quantum 
efficiency values in literature which range between 10 to 30% Sauer(1996). 
Table 4.1-1 Result Summary of PCO Conversion and Quantum Efficiency for P25 Slurry 
Loading (mg/slide) PCO Conversion
X 
Global Reaction Rate  
RGEtOH (mol/s) 
ξ (%) 
5 0.28 2.45 x10-9 1.05 
10 0.49 4.29 x10-9 1.84 
20 0.47 4.11 x10-9 1.76 
 
4.2 Unstructured Sol-gel TiO2 
A sol-gel TiO2 is prepared using sol-gel hydrolysis but without the PS colloidal crystal 
template. Additional details on the sample preparation steps can be found in Section 3.2.3. 
Material characterizations are done on the unstructured sol-gel TiO2 based on nitrogen 
adsorption/ desorption isotherms and X-ray diffractogram. PCO conversion and quantum 
efficiency are then calculated based on UV light experiments.  
4.2.1 Photocatalyst Preparation 
  The measured weight before and after calcination was compared with the calculated 
values based on the theoretical gravimetric factors. The factors are derived from the hydrolysis 
and calcination stoichiometric relationships.  
Measured Sol-gel TiO2 Weight. Three sets of unstructured sol-gel TiO2 were prepared 
from different sol-gel volumes: 1.5mL/slide, 3.5mL/slide and 7mL/slide. Actual weight change 
of sol-gel TiO2 was measured before and after calcination.   
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Shown in Table 4.2-1 is the measured weight of unstructured sol-gel TiO2 before and 
after calcination. Weight before calcination was measured to be 6.15 mg, 13.5 mg and 28.05 mg. 
This went down to 4.55 mg, 9.6 mg and 20.05 mg right after calcination. These values 
correspond to the 1.5mL/slide, 3.5mL/slide and 7mL/slide samples prepared, respectively. On 
the average, weight loss of unstructured sol-gel TiO2 during the calcination process fall between 
27 to 29%. 
Table 4.2-1 Unstructured Sol-gel TiO2 Weight Before and After Calcination 
Sol-gel 
Volume (mL) 
Sol-gel before calcination 
sg-TiO2 (mg) 
Calcined sol-gel 
csg-TiO2 (mg) 
 Measured Calculated Measured Calculated 
1.5 6.15 6.77 4.55 4.66 
3.5 13.5 15.79 9.6 10.88 
7 28.05 31.58 20.05 21.77 
 
Calculated Sol-gel TiO2 Weight. The titania alkoxide precursor has a formula weight of 
228.15 g/mol and a density of 1.088 g/mL. The theoretical weight change of TiO2 during 
calcination is computed from the 408 uL titanium ethoxide solution. This solution was initially 
placed in the 50 mL ethanol solution prior to hydrolysis. The chemical reaction for the formation 
of sol-gel TiO2 is a two step process: 1st is the hydrolysis step (eqn 4.2-1) and 2nd is the 
calcination step (eqn 4.2-2). 
 Ti(OCH2CH3) 4 + 4 H20 ? Ti(OH) 4 + 4 CH2CH3OH   (eqn 4.2-1) 
 Ti (OH) 4   ? TiO2 + 2 H20      (eqn 4.2-2) 
Shown in Table 4.2-1 is the calculated weight of unstructured sol-gel TiO2 before and 
after calcination. The weight of titanium ethoxide (445 mg) in the solution is used to compute for 
the weight of sol-gel before (sg-TiO2) and after (csg-TiO2) calcination using the gravimetric 
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factor (115.9/228.1) and (79.9/228.1), respectively. These factors are the ratio of 
Ti(OH)4:Ti(OCH2CH3)4 and TiO2:Ti(OCH2CH3)4 molecular weights, since there is 1:1 mole ratio 
based on the chemical equation for both hydrolysis (eqn 4.2-1) and calcination (eqn 4.2-2).  
Each set of samples started with a mother solution containing 50mL ethanol, hence an 
aliquot factor of 1.5/50 for the 1.5mL/slide sample, 3.5/50 for the 3.5mL/slide sample and 7/50 
for the 7mL/slide sample was used. For each sample, this gives a calculated weight of 6.77 mg. 
15.79 mg and 31.58 mg for sg-TiO2 and 4.66 mg, 10.88 mg and 21.77 mg for csg-TiO2. 
Calculated weight loss is 31%. 
 From these comparisons, it is very clear that there is close agreement between the 
measured and the calculated values of sol-gel TiO2. Even the weight loss values have 
comparable orders of magnitude. The gravimetric calculation indicates that the conversion of 
titanium ethoxide to TiO2 proceeds according to the predicted hydrolysis and calcination 
stoichiometric relationships. 
4.2.2 Photocatalyst Characterization 
XRD measurement was taken to determine the crystalline phase of the resulting sol-gel 
TiO2. Surface area and pore size distribution were also determined using adsorption and 
desorption isotherms with nitrogen as the adsorbate gas.  
Additional information on how the characterization is done can be found in Section 2.5 
and 3.3. 
XRD Peaks of Sol-gel TiO2. Shown in Figure 4.2-1 is the XRD peak measurement of 
csg-TiO2 samples. This determines the presence or absence of anatase crystalline phase.  
Results show that there is a peak detected at 2Θ= 25.4 which is representative of the 
(101) plane anatase crystalline phase Onfroy(2006). The absence of peak at 2Θ=27.5 indicates that 
during calcination of sol-gel TiO2, no rutile crystalline phase was formed. 
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Figure 4.2-1 XRD Peak of Sol-gel TiO2  
  BET Surface Area of Sol-gel TiO2. Shown in Figure 4.2-2 is a linearized plot for the 
multipoint BET that was generated to get the surface area of the photocatalyst. The surface area 
of csg-TiO2 is obtained by applying multi-point BET on the adsorption isotherm that falls inside 
the relative pressure range P/Po of 0.05 to 0.3.  
Taking four points then plotting 1/[W(Po/P)-1] vs P/Po , this resulted to a slope s = 66.13, 
intercept i = 3.591 and BET constant C = 19.41 to give a specific surface area of 49.95 m2/g. 
This value is comparable to the experimentally measured value of 56.68 m2/g for the P25 slurry, 
previously discussed in Section 4.1.  
  
   
 72
 
Figure 4.2-2 BET Surface Area of Sol-gel TiO2 
Pore Size Distribution of Sol-gel TiO2. Shown in Figure 4.2-3 is the pore size 
distribution of the sol-gel TiO2. The pores inside the sol-gel TiO2 was obtained by applying the 
BJH method on the full 20point desorption isotherm.  
This resulted to a distribution profile whose average pore diameter is 3.9 nm, with a 
range of values from 1.6 to 8.9nm. From the total pore volume (0.0692 cm3/g) and the sample 
weight (0.22 g), a porosity of 0.21 and a bulk density of 3.07 cm3/g were also calculated. 
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Figure 4.2-3 Pore Size Distribution of Sol-gel TiO2 
If this pore size distribution is compared with that for P25 slurry in Section 4.1.1, one 
major difference is that the unstructured sol-gel TiO2 has a large peak at ~3.9nm. It is interesting 
to note that a peak at 5.5 nm was observed in the pore size distribution of mesoporous TiO2 
films, as reported by Sakatani and co-workers Sakatani(2006). In this paper, optimal photocatalytic 
activity was due in part to this pore size, nanoparticles with diameters of 7.5 nm and high 
porosity. However, neither surface area nor pore volume was mentioned in the paper that would 
allow a direct comparison with the photocatalyst produced in this work.   
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4.2.3 Photocatalytic Oxidation Experiment 
 This section gives the PCO conversion of unstructured sol-gel TiO2 when coated on the 
glass slide at different photocatalyst loading. The PCO conversion value is then compared 
against P25 slurry.  
PCO of Solgel Titania. Shown in Figure 4.2-4 is the PCO conversion for unstructured 
sol-gel TiO2 at different catalyst loading. Three sets of sol-gel TiO2 were prepared at different 
weight loading: 4.5mg/slide, 7.8mg/slide and 20mg/slide. A detailed discussion on the sample 
preparation steps can be found in Section 3.2.2. Two glass slides from each set are put inside the 
photoreactor and with the 5cm aperture in place, UV light is turned on to initiate the 
photocatalytic oxidation.  
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Figure 4.2-4 PCO of Unstructured Sol-gel TiO2 at Different Catalyst Loading 
 Average PCO conversion for each set was 18%, 61% and 61% respectively. At low TiO2 
weights, PCO conversion increase in proportion to the catalyst loading. At higher TiO2 weights, 
PCO conversion reaches a maximum value of 61% conversion. This is the highest conversion 
achieved for all the PCO experiments done in this work. 
PCO Comparison of Sol-gel TiO2 against P25 Slurry. The saturation value of the PCO 
conversion for the sol-gel (61%) is higher than that for the P25 slurry (49%), shown in Figure 
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4.1-8 from previous section. Maximum conversion is reached at an optimum weight loading of 
7.8 mg/slide, compared to the higher weight of 10mg/slide for the P25 slurry. Using the bulk 
density calculated for unstructured sol-gel TiO2, the thickness of the film was calculated to be 
1.3 um.  
Both P25 slurry and unstructured sol-gel TiO2 have roughly the same surface area (~ 
50m2/g) and same range of pore sizes (1.6 to 9.5nm). The only big difference between the two 
photocatalyst is that the unstructured sol-gel TiO2 is purely anatase crystalline phase. It is widely 
accepted that anatase has a much higher photocatalytic activity than rutile.    
4.2.4 Quantum Efficiency 
Shown in Table 4.2-2 is a summary of the PCO conversion values, global reaction rates 
and quantum efficiency for the unstructured sol-gel TiO2. Global reaction rate and quantum 
efficiency were calculated the same way as Degussa P25, discussed in Section 4.1.3. It is clear 
that the maximum PCO conversion of 0.61 resulted to a quantum efficiency of 2.3%. This is the 
biggest quantum efficiency achieved for the photoreactor in this work. 
Table 4.2-2 Result Summary of Conversion and Quantum Efficiency for Sol-gel TiO2 
Loading (mg/slide) PCO Conversion 
X 
Global Reaction Rate  
RGEtOH (mol/s) 
ξ (%) 
4.5 0.18 1.56  x10-9 0.67 
7.8 0.61 5.37 x10-9 2.31 
20 0.61 5.33 x10-9 2.29 
 
4.3 Macroporous TiO2 on Optic Fiber Substrate  
The procedure used by Ren and co-workers Ren(2006) for depositing macroporous structure 
on an optic fiber is followed. This will be used as a benchmark in making comparison between 
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the PCO conversion results of the Degussa P25 and unstructured sol-gel TiO2 photocatalyst to 
the macroporous TiO2 deposited on a glass slide substrate, discussed later in Section 4.4. 
The macroporous TiO2 photocatalyst layer is prepared on an optic fiber substrate using 
dipcoating (3DC) to create the PS colloidal crystal template. It then underwent immersion 
infiltration (II) to produce the required macroporous structure. An SEM image of the optic fiber 
is presented to show the lattice structure of the macroporous TiO2. Afterwards, the TiO2 and PS 
weight loading and the TiO2:PS weight ratio on the optic fiber is calculated. The macroporous 
TiO2 is then used in a PCO experiment and quantum efficiency of the photoreactor is calculated.   
4.3.1 SEM of Macroporous Structure 
This subsection gives the dimension of the macroporous structure on the optic fiber based 
on the SEM images. This will be the basis of the FCC geometric model (detailed discussion in 
Appendix B.5), to be used later in predicting the TiO2 and PS weight of the macroporous 
structure deposited on glass slide substrates (Section 4.4).  
Roughened optic fibers were dipcoated three times (3DC) in a 0.5% w/w solution of 
120nm polystyrene (PS) spheres solution. Afterwards, sol-gel TiO2 is deposited inside the voids 
of the PS colloidal crystal template using immersion infiltration (II), refer also to section 3.2.5. 
Shown in Figure 4.3-1 is the photonic crystal coating on the optic fiber substrate. The 
coating thickness of the macroporous TiO2 is derived from an SEM image depicting the cross 
sectional view of the optic fiber, shown in Figure 4.1-3a. It is estimated that the average coating 
thickness of the deposited TiO2 is 1.2 um with values ranging from 1 to 1.4 um. Additional 
details can also be clearly seen like the rough surface of the optic fiber substrate as a result of the 
roughening action of the sand paper. Shown in Figure 4.3-1b is the macroporous structure of the 
photonic crystal. This structure is created by the polystyrene spheres after acting as sacrificial 
template.  
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Figure 4.3-1 Photonic Crystal Coating on Optic Fiber Substrate 
Shown in Table 4.3-1 are the average dimensions of the photonic crystal. The macropore 
size of the PS template is obtained from the SEM image in Figure 4.3-1c. The pore diameter has 
an average of 100 nm with values ranging from 80 to 120 nm, as shown in the second row of 
Table 4.3-1. It should be mentioned that according to the PS sphere technical specification, these 
are monodisperse spheres having 120 nm diameter. One possible source of the size variation is 
the position of the macropores with respect to the exposed surface plane. Another possibility is 
pore shrinkage Richel(2000) during the high temperature calcination step that is used to remove the 
PS template.  
Table 4.3-1 Photonic Crystal Dimensions 
 Average 
Thickness (um) 1.2     +/-      0.2 
Pore Size (nm) 100    +/-       20 
Periodicity (nm) 140    +/-       20 
 
The periodicity of macropores inside the PS template is also clearly seen from the SEM 
image, Figure 4.3-1c. The distance between cavities was approximated to have an average value 
of 140nm with values ranging from 120 to 160 nm, as shown in the third row of Table 4.3-1. 
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From the SEM images, it is clear that using the current sol-gel template synthesis (3DC-
II) resulted in a 1.2 um thick macroporous structure coating on the surface of the optic fiber. 
There is a degree of short range ordering in the periodic structure but the long range ordering 
requires further improvement. As such, it is doubtful if this macroporous structure can exhibit the 
PBG properties needed by this work to produce the slow photons and enhance the UV light at the 
PBG- EBG overlap. The observed variations in the pore size of the macroporous structure would 
also be detrimental to the PBG properties of the photonic crystal. This is one serious limitation of 
the sample produced using immersion infiltration in this work. Pore shrinkage attributed to 
sintering during sol-gel template synthesis has been widely documented in the literature 
Subramania(1999),Sakka(2005) but these are often uniform throughout the TiO2 matrix.    
4.3.2 Weight Ratio of TiO2 and Polystyrene 
This subsection gives the calculated weight of polystyrene spheres (PS), the weight of 
TiO2 and the TiO2:PS weight ratio after being deposited on the optic fiber using the dipcoating 
(3DC) followed by the immersion infiltration (II) procedure. The weight calculations for the 
optic fiber were done based on a 1.2 um thickness of coating as indicated by the SEM images, 
shown in Figure 4.3-1. No actual weight measurement of the optic fiber was taken primarily due 
to difficulties in fitting the optic fibers inside the analytical mass balance. The balance does not 
have enough space inside the enclosure to accommodate the long optic fibers. If left open during 
weighing, the measurement would have large deviation in values.  
The coating volume (1.02 x10-3 cm3) was calculated from the dimensions of optic fiber 
(diameter: 1mm, length: 27cm which gives a surface area of 8.49cm2) and a 1.2 um average 
thickness.  
Shown in Table 4.3-2 are the calculated weights of PS and calcined sol-gel (csg) TiO2 on 
the optic fiber based on the closest packing (120 nm periodicity). Weight of PS is 0.769 mg 
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equivalent to a surface loading of 0.091 mg/cm2. On the other hand, the TiO2 weight would be 
1.06 mg or a surface loading of 0.12 mg/cm2. The calculated TiO2:PS weight ratio is 1.37.  
Table 4.3-2 Calculated Weight of PS Spheres and TiO2 on the Optic Fiber 
PS weight (mg) 0.769 
PS Mass/ surface area (mg/cm2) 0.091 
TiO2 weight (mg) 1.06 
TiO2 Mass/surface area (mg/cm2) 0.12 
TiO2:PS weight ratio 1.37 
 
The TiO2:PS weight ratio is an important parameter for indicating effectiveness of the 
sol-gel infiltration process. The ideal TiO2:PS weight ratio is 1.37 when there is perfect filling of 
the void spaces. Incomplete infiltration of the template will result to low TiO2 inside the void 
spaces, hence low weight ratio of TiO2 to PS spheres. On the other hand, a high TiO2: PS weight 
ratio would mean either an over-filled void spaces resulting to a layer being deposited on top of 
the template or thicker walls as a result of non-contacting PS spheres.  
4.3.3 PCO Conversion and Quantum Efficiency 
 This section gives the PCO conversion of macroporous TiO2 that was coated on the optic 
fiber using (3DC) dipcoating followed by immersion infiltration (II). The quantum efficiency of 
the photoreactor based on the PCO conversion is then calculated. 
PCO of Macroporous TiO2 Optic Fiber Substrate. Shown in Table 4.3-3 is a summary 
of PCO conversion compared with photocatalyst surface loading. The optic fibers were cut into 
3” lengths and placed side by side to cover the entire surface area of two glass slides. This is 
equivalent to a TiO2 surface loading of 0.12 mg/cm2, as discussed in Section 4.3.2. Afterwards, it 
was used for ethanol PCO resulting to a conversion of 12.4%.  
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Table 4.3-3 Summary of PCO Conversion and Surface Loading 
Degussa P25 Unstructured sg-TiO2 Macroporous TiO2 
on Optic Fiber Substrate 
Loading 
(mg/cm2) 
Conversion 
(%) 
Loading 
(mg/cm2) 
Conversion 
(%) 
Loading 
(mg/cm2) 
Conversion 
(%) 
0.26 28 0.23 18 0.12 12.4 
0.52 49 0.403 61 _ _ 
1.03 47 1.03 61 _ _ 
 
Comparing this value with those of Degussa P25 and the unstructured sol-gel TiO2, PCO 
conversion value of the macroporous TiO2 turned out to be the lower than both. This is because 
there is approximately only half TiO2 loading on the optic fiber. The comparison is clearer by 
taking the ratio of PCO conversion to TiO2 surface loading, resulting to values of 1.08, 0.77 and 
1.02 for the Degussa P25 slurry, unstructured sg-TiO2 and macroporous TiO2 on the optic fiber, 
respectively. This comparison shows that the PCO conversion results of the optic fiber is 
comparable to the two TiO2 photocatalysts and have relatively the same orders of magnitude. It 
is also interesting to note that for the case of the optic fiber, half of the surface area is in the dark 
region. This is evidence that UV light is able to pass through the thin macroporous layer, 
transmit though the quartz substrate of the optic fiber and out to the other side. 
It is quite clear that what is needed to obtain the maximum PCO conversion value (61%) 
is a higher TiO2 weight or at the very least equal to the optimum TiO2 weight of 0.403 mg/cm2 (~ 
7.8mg/slide). At the same time, the ideal TiO2:PS weight ratio (1.37) has to be met to ensure that 
a macroporous structure exists. 
Quantum Efficiency. Global reaction rate and quantum efficiency were calculated the 
same way as Degussa P25, discussed in Section 4.1.3. For a PCO conversion of 12.4%, a 
photoreactor quantum efficiency of 0.47% was calculated  
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4.4 Macroporous TiO2 on Glass Slide Substrate 
The macroporous TiO2 photocatalyst is prepared on a glass slide substrate using 
dipcoating (3DC) followed by the immersion infiltration (II) method. Afterwards, it is used for 
ethanol PCO and the results compared with that of the optic fiber, as discussed in Section 4.4.1. 
In Section 4.4.2, the sol-gel template synthesis method is further improved to obtain better 
ordering in the macroporous structure and higher TiO2 weight loading. Section 4.4.2.1 is a 
discussion on the improvement done on the colloidal crystal template assembly method. Section 
4.4.2.2 is a discussion on the improvement done on the immersion infiltration method. In section 
4.4.3, high TiO2 weights and TiO2:PS weight ratio close to the ideal value is achieved using thick 
layer infiltration. The macroporous TiO2 is then used in PCO experiment and photoreactor 
quantum efficiency is calculated.   
4.4.1 Immersion Infiltration 
 Here macroporous TiO2 is prepared on a glass slide substrate using dipcoating (3DC) 
followed by immersion infiltration (II), same methods used for the optic fiber substrate. The 
TiO2, PS weight loading and TiO2:PS weight ratio on the glass slide is predicted based on the 
SEM images of the optic fiber macroporous TiO2. The measured values are then compared to the 
predicted values based on an FCC closest packing. PCO conversion is also compared with the 
optic fiber results. 
Weight Ratio of TiO2 and Polystyrene. Shown in Table 4.4-1 are the measured weight 
of PS spheres and the calcined sol-gel (csg) TiO2 on the glass slide substrate. Measured weight 
of PS spheres is 1.43 mg/slide. This was taken by averaging the weight gain of 6 glass slide 
samples after completing the dipcoating step. For comparison purposes, shown in the third 
column of Table 4.4-1 are the predicted weight of PS spheres and csg-TiO2 on the glass slide 
substrate based on the closest packing (120 nm periodicity) and a 1.2 um thick coat. Coating 
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volume is calculated using the glass slide dimension (3in x 1in), which has a surface area of 
19.35 cm2. A 1.2 um thickness coating gives a volume of coat equivalent to 2.32 x10-3 cm3. The 
predicted value of PS weight is 1.75 mg/slide which correspond to a surface loading of 0.091 
mg/cm2.  
Table 4.4-1 Weight Ratio of TiO2 and PS using 3DC-II Method on Glass Slide Substrate  
 Measured Predicted 
PS weight (mg/ slide) 1.43 +/- 0.24 1.75 
Mass/ surface area 
(mg/cm2) 
0.074 +/- 0.013 0.091 
TiO2 weight (mg/ slide) 1.53 +/- 0.8 2.41 
Mass/surface area 
(mg/cm2) 
0.079 +/- 0.041 0.12 
TiO2:PS weight ratio 1.09 +/- 0.57 1.37 
   
Measured weight of TiO2 after PS template removal and subsequent calcination is 1.53 
mg/slide, shown in the second column third row. This corresponds to a surface loading of 0.079 
mg/cm2. Again this is from the average weight of the 6 glass side samples after the last 
calcination step. For comparison purposes, the predicted weight of csg-TiO2 is 2.41 mg/slide as 
shown in the third column fourth row, which is equivalent to a surface loading of 0.12 mg/cm2.  
Weight ratio of TiO2 to PS weight based on the measured values is 1.09, shown also in 
Table 4.4-1. For comparison, the predicted value is 1.37 as shown in the third column fifth row. 
The high variation of measured values in both the TiO2 weight (52% standard relative deviation) 
as well as the TiO2:PS weight ratio (52% standard relative deviation) is an indication that there is 
a problem in the sol-gel infiltration process. This becomes more evident if the mean values are 
used, measured surface loading of 0.079 as compared against the calculated 0.12 mg/cm2 and 
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measured weight ratio of 1.09 as compared with the calculated of 1.37. The low TiO2 weight is 
evidence that there is incomplete infiltration of the template void spaces. 
PCO of Macroporous TiO2 on Glass Slide Substrate. Shown in Table 4.4-2 is a 
comparison of PCO conversion for macroporous TiO2 coated on two different substrates. Up to 
this point, macroporous TiO2 have been deposited on two types of substrate: optic fiber and glass 
slide. Exactly the same method was used for both: dipcoating (3DC) followed by immersion 
infiltration (II). Out of the six glass slides, two slides having the highest TiO2 weight (2.5 
mg/slide or 0.129 mg/cm2) are selected to obtain the highest PCO conversion results. The PCO 
conversion of the macroporous TiO2 deposited on the glass substrate resulted to a conversion of 
11% which is comparable to the 12.4% value for the optic fiber. If the ratio of PCO conversion 
to surface loading is taken, the values are 1.02 and 0.85 for the optic fiber and glass slides, 
respectively. Both have comparable orders of magnitude.  This supports the assumption that the 
macroporous TiO2 deposited on the glass substrate is representative of that on the optic fiber. 
Table 4.4-2 Comparison of PCO Conversion for Macroporous TiO2 on Different Substrate 
 Surface Loading 
(mg/cm2) 
Conversion 
(%) 
Optic Fiber 0.12 12.4 
Glass Slide 0.129 11 
 
 A comparison between the calculated values of the optic fiber and the glass substrate 
have shown that the macroporous structure dimensions obtained from the SEM image of the 
optic fiber in Section 4.3 can be basis in predicting the PS and TiO2 weight loading in the glass 
substrate. Comparison between the measured and the predicted PS weight in the glass substrate 
shows that the dipcoating method resulted to a colloidal crystal template which is best 
approximated by close packed spheres arranged in an HCP/ FCC stacking pattern.  However, 
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comparison between the measured TiO2 weight as well as the TiO2:PS weight ratio to the 
predicted value shows that the final macroporous structure on the glass slide has less TiO2 
weight than predicted. This indicates that the immersion infiltration step needs to be improved in 
terms of completely filling-up the void spaces. Since the macroporous TiO2 on the glass 
substrate is representative of that on the optic fiber, further improvement can now be done on the 
sol-gel template synthesis using the glass slide as a substrate.   
4.4.2 Improvement of Sol-gel Template Synthesis 
 Two approaches were examined to improve the sol-gel template synthesis. First approach 
is the use of three variations of colloidal crystal templating to improve ordering of the PS 
spheres, Section 4.4.2.1. The second approach is to improve the sol-gel infiltration and 
hydrolysis that should result to higher macroporous TiO2 weight, Section 4.4.2.2.  
4.4.2.1. Colloidal Crystal Templating 
 Three variations of colloidal crystal templating were examined: dipcoating, thick layer 
evaporation and convective assembly. A detailed discussion on the preparation steps for colloidal 
crystal template can be found in Section 3.2.3. Scanning electron images were taken to compare 
the lattice structure of the colloidal crystals produced form each method. Measured and 
calculated values of the convective assembly samples were compared.  
Dipcoating(DC). The first attempt is to increase the number of cycles to increase the 
template thickness. A thicker template should result to a higher TiO2 weight due to availability of 
more pore volume.  
The dipcoating resulted to an even coat on the glass slide surface. However, as the 
number of dipcoating is increased to more than three, scattered annular rings started to appear 
resulting to visual imperfection on the coat. These rings are characteristic of dewetting effects 
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caused by contact line pinning and uneven evaporation Deegan(2000). No iridescence was observed. 
The entire process for a 3dipcoat including the air drying in-between the coat is 1-2hours. 
Shown in Figure 4.4-1 is the correlation between number of dipcoating and weight of 
deposited PS spheres. One big advantage of the dipcoating method is the apparent ease in 
controlling the PS weight through the number of dipcoats. This is clearly seen by the linear 
relationship between number of dipcoating and weight of PS spheres deposited.  
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Figure 4.4-1 Correlation of Dipcoating and Weight of PS Spheres 
Shown in Table 4.4-3 is a summary of PS and TiO2 weight at increasing dipcoats. 
Increasing the number of dipcoat did result to higher weight of deposited PS from 1.33 to 
4.35mg. At 4.35 mg PS weight, coating thickness is calculated to be 2.98 um. This is a thicker 
PS template than the 1.2 um observed in the optic fiber SEM images. However, subsequent 
immersion infiltration and fast hydrolysis did not result to an increase in csg-TiO2 weight loading 
as would be expected, instead it went down from 0.75 to 0.60 mg.  
One possible reason for this is loss of PS template during the subsequent infiltration step. 
This is further supported by observations that during immersion infiltration, some of the template 
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(specifically those located at the edge of the annular ring) appears to break away from the surface 
and float in the solution. One attempt to remedy this was to use a thin TiO2 incipient wetness to 
strengthen the template, discussed later in Section 4.4.2.2. 
Table 4.4-3 Summary of PS and TiO2 Weight at Increasing Dipcoats 
 
PS weight 
(mg) 
csg-TiO2  
weight (mg) 
TiO2:PS 
weight ratio 
3 Dipcoats 1.33 0.75 0.56 
6 Dipcoats 2.55 0.65 0.25 
9 Dipcoats 4.35 0.60 0.14 
 
Shown in Figure 4.4-2 is an SEM image of polystyrene sphere deposited through the 
dipcoating method. One can see small areas where HCP arrangement is apparent. This supports 
the observation in Section 4.3 where the SEM image of the macroporous TiO2 structure on the 
optic fiber substrate also showed short range ordering. But in terms of the long range order, it 
would require further improvement.  
 
Figure 4.4-2 SEM Image of Dipcoating 
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Thick Layer Evaporation (TLE). The next variation of the colloidal crystal template 
method examined is the thick layer evaporation. Here, the PS solution is placed directly on top of 
the substrate instead of the substrate being dipcoated into the solution. Detail of the method is 
discussed in Section 3.2.4.  
The method resulted to a surface coat that has concentric water marks and ring-like 
networks, formed while the PS solution slowly dries out. There is evidence in literature that a 
two-dimensional superlattice is formed once a stable wetting layer is maintained on the surface 
Lin(2001). There is a slight iridescence observed when the slide is viewed at a certain angle. This is 
usually an optical signature that ordering at the nano-scale exists. The entire process took 1-
2hours to complete, the same duration as dipcoating.  
Shown in Figure 4.4-3 is a correlation of PS solution volume and weight of deposited PS 
spheres.  Similar to the dipcoating, the amount of PS spheres deposited can easily be controlled 
as demonstrated by the linear relationship between PS solution volume and PS weight. The 
maximum PS weight obtained is around 7 mg. 
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Figure 4.4-3 Correlation of PS Solution Volume and Weight of PS Spheres 
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Shown in Figure 4.4-4 is an SEM image of the PS sphere deposited through thick layer 
evaporation. Here both short range and long range ordering is clearly seen, better than that 
observed for the dipcoat. This order breaks down every six or seven spheres but resumes again. 
A B
C
 
Figure 4.4-4 SEM Image of Thick Layer Evaporation 
Convective Assembly (CA). The last variation of the colloidal crystal template method 
examined is convective assembly. Here the substrate is submerged vertically inside a beaker 
filled with PS solution and the solution is allowed to slowly evaporate. Detail of the method is 
discussed in Section 3.2.4.  
The method resulted to a surface coat where PS spheres assemble on the glass slide 
surface into parallel ridges. These ridges follow the waterline as it goes down. However, the coat 
is not very uniform. The ridge starts thin on top, becomes thicker and spacing grows closer 
together at the bottom of slide, possibly as the PS solution becomes more concentrated as more 
water evaporates. The ridges can be imagined to be the same concentric rings previously seen in 
TLE samples except that instead of following a radial direction, it now follows a straight vertical 
axis. At the interface boundary of air, solvent and solid, the spheres organize into these ridges 
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similar to a drying-mediated or evaporation-induced assembly Kinge(2008). This is believed to occur 
by a two step process: nucleus formation governed by interparticle attraction, then followed by 
crystal growth through convective particle flux arising from water evaporation Denkov (1993). Each 
ridge exhibits very good pearlescence and iridescent properties, almost green in color. This 
iridescence is much more pronounced in comparison to the TLE samples, an indication of better 
ordering configuration. The entire process took very long to complete, approximately 6-7 days. 
This is the longest by far in all the templating methods. 
Shown in Figure 4.4-5 is an SEM image of polystyrene sphere deposited through the 
method of convective assembly. Here is an almost textbook example of the highly symmetric 
(111) plane of the FCC stacking configuration as shown in Figure 4.4-5c. However, there exists 
some imperfection in the crystal lattice like missing spheres, gaps in the adjoining row as shown 
in Figure 4.4-5b and misalignment in the stacking plane as shown in Figure 4.4-5a. But over-all, 
it is a near-perfect colloidal crystal fabricated in this work.  
A B
C
 
Figure 4.4-5 SEM Image of Convective Assembly 
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Shown in Table 4.4-4 are the measured values of TiO2 and PS using convective assembly 
(CA) followed by immersion infiltration (II) on the glass slide substrate. These values are 
compared with that obtained using dipcoating (DC) followed by immersion infiltration (II), 
discussed in previous Section 4.4.1.  The measured PS weight deposited using convective 
assembly is 0.75 mg, smaller by a factor of 0.52x compared to the dipcoat weight of 1.43 mg. 
Assuming a uniform coat, the convective assembly has half the coating thickness of the 
dipcoated samples. Measured weight of TiO2 deposited is a mere 0.3 mg which is smaller by a 
factor of 0.2x compared to that of the dipcoated sample, which is 1.53 mg. This indicates that 
there is less infiltration in the convective assembly compared to the dipcoated samples. This 
statement is supported through comparison of their respective TiO2:PS weight ratio,  0.4 for the 
convective assembly samples which is smaller by a factor of 0.37x compared to that of the 
dipcoated sample, which is 1.09. Still, there is incomplete infiltration in both templates since 
ideal TiO2:PS weight ratio is 1.37.  
Table 4.4-4 TiO2:PS Weight Ratio on Glass Slide Substrate with CA-II & DC-II Method 
 CA-II DC-II 
PS weight (mg/ slide) 0.75 1.43 
TiO2 weight (mg/ slide) 0.30 1.53 
TiO2:PS weight ratio 0.4 1.09 
 
 Shown in Table 4.4-5 is a result summary of the three colloidal crystal templating 
methods. In terms of degree of ordering and iridescent property, convective assembly gives 
excellent short and long range orders. But in terms of ease in controlling the PS weight, both 
dipcoating and thick layer evaporation gave better result. With regards to processing time, both 
dipcoating and thick layer evaporation require shorter processing as compared to convective 
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assembly. Also, in terms of template weight (coating thickness) and TiO2 weight loading, 
convective assembly gave much lower values. 
Table 4.4-5 Result Summary of Colloidal Crystal Templating Methods 
Short range 
 and long range order 
CA > TLE > DC 
Iridescent property CA > TLE > DC 
Ease of control for 
depositing PS weight 
(DC = TLE) > CA 
Processing time CA > (DC = TLE)  
PS Template Weight TLE > DC > CA 
TiO2 weight DC  > CA  
 
4.4.2.2 Sol-gel Infiltration and Hydrolysis 
 PCO conversion for unstructured sol-gel TiO2 was found to reach a maximum PCO 
conversion of 61% at optimum TiO2 weight of 7.8 mg/slide. To make a good comparison 
between unstructured sol-gel and macroporous TiO2, this optimum weight has to be attained. At 
the same time, ideal TiO2:PS weight ratio of 1.37 is needed to obtain an FCC arrangement in a 
macroporous structure. To accomplish this, improvements on the immersion infiltration were 
examined. These are: thin incipient wetness, slow hydrolysis/ fast hydrolysis and increase 
precursor solution during immersion infiltration.  
Thin IW. The first improvement on the immersion infiltration method is thin incipient 
wetness method. Detail of the method is discussed in Section 3.2.5.  This method is supposed to 
strengthen the colloidal crystal template and keep it intact during the subsequent immersion 
infiltration.  
Shown in Table 4.4-6 is a comparison of PS and TiO2 weights with and without using 
thin incipient wetness method. Use of this method did not result to an increase in the csg-TiO2 
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surface loading as predicted. Instead, both the TiO2 weight and TiO2:PS weight ratio went down 
from 0.75 to 0.5 mg and from 0.56 to 0.45, respectively. But when dipcoating was increased 
from 3DC to 6DC, there was a slight increase in the csg-TiO2 surface loading from 0.50 to 0.75 
mg. However, this was not enough to get the ideal TiO2:PS weight ratio of 1.37.  
Table 4.4-6 TiO2 and PS Weights in Incipient Wetness Method 
Method 
PS weight 
(mg) 
csg-TiO2  
weight (mg) 
TiO2:PS 
weight ratio 
3 Dipcoats  1.33 0.75 0.56 
3 Dipcoats with IW 1.10 0.50 0.45 
6 Dipcoats with IW 2.85 0.75 0.26 
 
Ambient Hydrolysis. The second improvement done on the immersion infiltration 
method is the ambient hydrolysis. Detail of the method is discussed in Section 3.2.5.  This 
method is supposed to give more time for the alkoxide precursor to go deep inside the template 
and form the sol-gel by allowing ambient moisture to accomplish the hydrolysis. Because of 
lower molecular diffusivities in the liquid phase and the absence of turbulent mixing, the net-
effect is to slow down the hydrolysis reaction. 
 Shown in Table 4.4-7 is a comparison of PS and TiO2 weights using ambient hydrolysis. 
Shifting from fast to ambient hydrolysis unfortunately resulted to a lower sg-TiO2 surface 
loading from 0.9 down to 0.35mg. One possible reason is that even though there is a thicker 
template and infiltration is assumed to have gone to completion, the sol-gel material within the 
pore structure could be affected by the concentration of the precursor solution. A too dilute 
solution could result to higher mesoporous voids within the TiO2 lattice. The over-all effect 
would be less TiO2 weight.  
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Table 4.4-7 TiO2 and PS Weights after Ambient Hydrolysis 
Method 
PS  
weight (mg)
sg-TiO2  
weight (mg) 
3 Dipcoats 1.10 0.9 
3 Dipcoats with AH 1.10 0.35 
 
     Increasing Precursor Concentration. The third improvement done on the immersion 
infiltration method is to increase the precursor concentration. This method is supposed to result 
to a much denser TiO2 lattice and less mesoporous voids. 
Shown in Table 4.4-8 is a comparison of PS and TiO2 weights with increasing precursor 
concentration. Increasing the precursor concentration by three folds (3x) from 0.27% up to 
0.82% did result to a large csg-TiO2 weight of 14.6 mg. This value is very much above the 
optimum TiO2 weight of ~ 7.8 mg/slide. When dipcoating is increased from 3DC to 6DC, the 
TiO2:PS weight ratio decreased from 8.02 down to 4.77. However, this is also above the ideal 
value of 1.37. It is quite possible that the excess TiO2 weight could be depositing on top of the 
template forming a crust. If this would be the case, the crust will simply cover the macroporous 
structure and nullify the efforts of improving the sol-gel template synthesis.  
Table 4.4-8 TiO2 and PS Weights with Increasing Precursor Concentration 
Method 
PS  
weight (mg) 
csg-TiO2  
weight (mg) 
TiO2:PS 
weight ratio 
3 Dipcoats - 0.82% 1.82 14.6 8.02 
6 Dipcoats - 0.82% 2.85 13.6 4.77 
 
Additional Discussion. Increasing the number of dipcoat, use of thin incipient wetness to 
strengthen the template and the shift from fast to ambient hydrolysis was not effective in 
increasing the TiO2 weight. But the last variation of the immersion infiltration method did result 
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to a higher TiO2 loading. By increasing the precursor concentration, the optimum TiO2 weight of 
7.8 mg/slide was readily achieved, even exceeded (14 mg/slide). However, it was not possible to 
make the TiO2:PS weight ratio achieve the ideal value of 1.37.  The extra TiO2 weight could 
simply be depositing in the form of a coat, covering the macroporous structure.  
One possible reason for this is the huge bulk volume (50 mL) of the precursor solution on 
top of the template. This is many times larger compared to the volume of the void spaces inside a 
6DC template. A bed porosity of 0.47 translates to a void space of just 2.6 uL or 0.005% of the 
bulk volume. Assuming sol-gel formation is homogenous throughout the solution, then sol-gel 
inside the void spaces can be expected to be much less than that in the bulk solution. Once all the 
titania precursor is transformed into sol-gel, it can collapse and sink to the bottom, depositing on 
top of the template.  
4.4.3 Thick Layer Infiltration 
 From the discussion in previous sections, efforts to improve the immersion infiltration 
method were unsuccessful. One more option available is to reduce the volume of the bulk 
solution by using just enough volume to cover the template. Based on the results during 
preparation of unstructured sol-gel TiO2 samples, a maximum of 2mL thick layer can be placed 
on top of the substrate and held there by surface tension. Detail of the thick layer infiltration 
method is discussed in Section 3.2.5.   
The TiO2 weight and TiO2:PS is monitored during thick layer infiltration. Then the effect 
of increasing precursor concentration to TiO2 weight is examined. Finally the TiO2 macroporous 
structure was verified under SEM and used in ethanol PCO. Quantum efficiency of the 
photoreactor was calculated and compared with previous results. 
TiO2 Weight and TiO2:PS Weight Ratio. Shown in Table 4.4-9 are the measured 
values of TiO2 and PS using dipcoating (DC) followed by thick layer infiltration (TLI) with glass 
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slide as a substrate. In the thick layer infiltration method, 1.5mL precursor solution is directly 
applied on top of the template, capillary action sucks in the solution and aids in the infiltration 
step. Weight of deposited TiO2 is controlled by changing the precursor concentration. Using this 
method, it was possible to generate samples with higher TiO2 weights, from 0.11 mg/cm2 (2.15 
mg/slide) up to 0.94 mg/cm2 (18.1 mg/ slide). Also it resulted to a higher TiO2:PS weight ratio, 
for the 3DC it is 1.18 to 5 and for the 6DC it is 3.48 to 6.31. For comparison, the optimum TiO2 
weight and ideal TiO2:PS weight ratio is 0.403 mg/cm2 (~ 7.8 mg/slide) and 1.37, respectively. 
Table 4.4-9 Weight Ratio of TiO2 and PS using DC-TLI Method on Glass Slide Substrate 
Dipcoating 
Precursor 
Concentration 
PS  
weight (mg/cm2) 
TiO2  
weight (mg/cm2) 
TiO2:PS 
weight ratio 
0.27% 0.094 0.11 1.18 
0.54% 0.069 0.16 2.41 
0.81% 0.069 0.24 3.53 
 
 
3 DC 
1.09% 0.069 0.34 5.00 
1.9% 0.15 0.51 3.48 
2.72% 0.15 0.74 5.01 
 
6 DC 
3.54% 0.15 0.94 6.31 
 
Shown in Figure 4.4-6 is a linear correlation of precursor solution concentration and 
weight of deposited TiO2. Shifting to the thick layer infiltration did result to good control in TiO2 
weight deposited, from 2.15 mg/slide (0.11 mg/cm2) to 18.1 mg/slide (0.94 mg/cm2) as shown in 
Table 4.4-9. There is clearly a strong linear relationship between the two variables, as evident in 
Figure 4.4-6. More importantly, some of the TiO2:PS weight ratios (1.18 to 2.41) now match the 
ideal value of 1.37.  
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Figure 4.4-6 Correlation of Precursor Solution Concentration and Weight of TiO2 
SEM of Macroporous Structure. Shown in Figure 4.4-7 is an SEM image of a sample 
produced using thick layer infiltration method. Note that in Table 4.4-9, most of the TiO2:PS 
weigh ratio does exceed the ideal value of 1.37. Although good control on TiO2 weight was 
attained, there is still a possibility that TiO2 is being deposited on top of the template. In the SEM 
image of the macroporous structure, TiO2 spheres are clearly visible in the background. These 
spheres range in size between 600 to 900nm and therefore, could not possibly be the PS spheres 
used as colloidal crystal template. Since there are also no observed hollow spherical shells, this 
further reinforces the assumption that these spheres are self-nucleated TiO2 and not TiO2 coated 
PS spheres. 
No evidence of an inverse opal structure formed by the template can be found. There is 
strong evidence indicating that most of the TiO2 have nucleated while still in the solution and 
later, deposited on top of the PS template. This is supported by the observation that the size of 
the TiO2 spheres increase in size and the ‘clump’ structure grow dense in proportion with 
increasing concentration of the precursor solution (not shown). Some spheres may have been 
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successful in the infiltration but they could be very few. At any rate, incomplete infiltration 
would have caused the structure to collapse when the PS spheres are burned off during 
calcination. 
A
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Figure 4.4-7 SEM Image of Thick Incipient Wetness 
PCO of Macroporous TiO2, TLI. Shown in Table 4.4-10 is the PCO conversion for 
macroporous TiO2 produced using thick layer infiltration (TLI) at different catalyst loading. This 
table also include the first glass slide fabricated using the immersion infiltration (II) as indicated 
by the asterisk (*), discussed previously in Section 4.4.1. Four sets of macroporous TiO2 were 
prepared at different loading: 0.11 mg/cm2 (2.15 mg/slide), 0.24 mg/cm2 (4.7 mg/slide), 0.34 
mg/cm2 (6.65 mg/slide) and 0.97 mg/cm2 (18.8 mg/slide). Two glass slides from each set are 
used for ethanol PCO. 
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Table 4.4-10 Result Summary of PCO and Quantum Efficiency for Macroporous TiO2 
Loading  
(mg/cm2) 
PCO 
Conversion 
Global Reaction Rate 
RGEtOH (mol/s) 
ξ (%) 
0.11 0.071 6.21 x10-10  0.27 
*0.13 *0.11 *9.63 x10-10 *0.41 
0.24 0.32 2.80 x10-09 1.2 
0.34 0.48 4.20 x10-09 1.8 
0.97 0.55 4.81 x10-09 2.1 
 
Average PCO conversion for each set was 7.1%, 31.6%, 48% and 55%, respectively. 
Here, it is observed that the PCO conversion value for the 0.13 mg/cm2 (immersion infiltration 
method) fits the trend exhibited by the samples from thick layer infiltration method at low TiO2 
weights, specifically the 0.11 mg/cm2. This becomes more evident by taking the ratio between 
surface loading and PCO conversion. The values are 0.64 for the 0.11 mg/cm2 and 0.85 for the 
0.13 mg/cm2, both have comparable orders of magnitude. A clearer picture emerges in Figure 
5.1-1, later discussed in Section 5.1.  
When the PCO conversion of the 0.34 mg/cm2 (6.65mg/slide) macroporous TiO2 as 
shown in Table 4.4-10 is compared to the P25 slurry at 0.52 mg/cm2 (10mg/slide) as shown in 
Figure 4.1-8, both resulted to almost the same value (around 48 ~ 49%) even though the 
macroporous TiO2 have less weight. Taking the ratio between surface loading and PCO 
conversion, the resulting values are 1.4 for the macroporous TiO2 and 0.94 for the P25 slurry. 
This comparison shows that the TLI method resulted to a slightly better catalyst than commercial 
Degussa P25, since the PCO conversion is the same but with a much lower catalyst weight 
(smaller by a factor of 0.66x). This is not surprising since both the unstructured sol-gel and 
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macroporous TiO2 are prepared from sol-gel hydrolysis. It has been previously shown in Section 
4.2 that unstructured sol-gel is a better photocatalyst than the commercial Degussa P25. 
When the PCO conversion of the macroporous TiO2 is compared to the unstructured sol-
gel TiO2 as shown in Figure 4.2-4, no big difference is observed. Both follow the same trend of 
increasing PCO conversion at low TiO2 weights until reaching a saturation value. For the 
macroporous TiO2, maximum conversion is 55% at a surface loading estimated to be around 
~0.41 mg/cm2 (~8 mg/slide). The macroporous structure did not result to an improvement in 
PCO conversion. In the perspective of ethanol PCO, the macroporous and unstructured sol-gel 
TiO2 have relatively the same PCO conversion. This statement becomes clearer once an over-all 
picture of PCO conversion for the three photocatalyst used in this work is discussed in the 
concluding section, Section 5.1. 
Quantum Efficiency. Shown in Table 4.4-10 is a summary of the PCO conversion 
values, global reaction rates and quantum efficiency for the macroporous TiO2. This table also 
includes the first slide fabricated using the immersion infiltration method (II) as indicated by the 
asterisk(*). The rest of the macroporous TiO2 is fabricated using the thick layer infiltration (TLI). 
Global reaction rate and quantum efficiency were calculated the same way as Degussa P25, 
discussed in Section 4.1.3. 
A maximum PCO conversion of 0.55 for macroporous TiO2 corresponds to a maximum 
quantum efficiency of 2.1%. However, this would still be lower than the 2.31% established for 
unstructured sol-gel TiO2. 
PCO at Reduced Ethanol Concentration . Shown in Figure 4.4-8 is the PCO 
conversion for 4.7 mg/slide macroporous TiO2 when inlet ethanol concentration is reduced. 
Using half (0. 5%) as compared to the usual (1%) inlet concentration of ethanol, PCO conversion 
increased from 31.6% to 42.7%.  
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Figure 4.4-8 PCO of Macroporous TiO2 at Half Ethanol Concentration 
 From this experimental rate data, differential analysis is used to obtain an apparent 
reaction order of 0.45. Then, using the integral form of the design equation for a packed bed 
reactor (where 4.7 mg/slide of TiO2 resulted to a PCO conversion of 31.6%), an approximate 
value of 0.00144 (mol/cm3)0.55 (cm3/ gcat-s) for the rate constant was calculated. Details are 
discussed in Appendix B.4.  
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 
 This chapter contains conclusions and recommendations related to this work. Section 5.1 
is a summary of the results generated in this research and the conclusions based on these 
findings. Section 5.2 has recommendations for the continuation of this research.  
5.1 Conclusions 
Degussa P25. It has been shown in this section that based on photocatalyst 
characterization results, P25 is predominantly anatase crystalline phase, though a small portion 
exists in rutile phase. The surface area is equal to 56.68 m2/g, comparable to available literature 
values for Degussa P25. The average pore size is 3.3 nm with a range of 1.6 and 9.5 nm, 
covering both the microporous and mesoporous region. A porosity equal to 0.3 and bulk density 
of 2.72 g/cm3 was calculated. 
 From the PCO experimental data, it was clearly demonstrated that using the designed 
photoreactor and flow system, photocatalytic oxidation of ethanol can be accomplished and the 
corresponding conversion measured. At low TiO2 loading, the PCO conversion is directly 
proportional to the global photon flux and photocatalyst weight. Because of the better surface 
coverage, a uniform coat is equally well important in ethanol PCO as proven by the improved 
PCO conversion when P25 is deposited in slurry form. All this information is in complete 
agreement with the understood mechanism for PCO which requires UV light during electron-
hole pair excitation. Also that reaction takes place at the gas-solid interface, therefore a high 
photocatalyst weight which translates to higher surface area would lead to higher PCO 
conversion.  
However at high loading greater than 0.52 mg/cm2 (>10mg), conversion soon reaches 
saturation value of 47~49%, which can be attributed to the limited UV light penetration. The P25 
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slurry at this PCO conversion has a calculated thickness of 1.94 um. This PCO conversion 
obtained for Degussa P25 corresponds to a photoreactor quantum efficiency of 1.76~1.84%. 
 Unstructured Sol-gel TiO2. In this section, it was proven through gravimetric 
calculations that the process of converting the titania alkoxide precursor to csg-TiO2 proceeds 
according to the predicted hydrolysis and calcination stoichiometric relationships. Actual 
average weight loss during calcination is around 26 to 29% 
 After completing the photocatalyst characterization, it was found that the sol-gel 
hydrolysis process created purely anatase crystalline phase of TiO2 and no rutile phase was 
formed. The surface area is equal to 49.95 m2/g, which is close to the experimental values found 
for slurry P25. The average pore size is 3.9 nm with a range of 1.6 and 8.9 nm, comparable to the 
values for P25 slurry. From a calculated porosity of 0.21, bulk density is found to be 3.07 g/cm3 
which is higher than that obtained for P25 slurry. This indicates that sol-gel hydrolysis resulted 
to a denser structure.  
From PCO experiments done at low TiO2 loading, the same trend of increasing PCO 
conversion in proportion to photocatalyst weight was observed. However, maximum PCO 
conversion value was much higher at 61% compared to Degussa P25 slurry. This conversion was 
reached at an optimum TiO2 weight of 0.403 mg/cm2 (7.8 mg/slide), lower compared to Degussa 
P25 slurry. At this weight loading, coating thickness was calculated to be 1.3 um. The higher 
PCO conversion could only be the result of the purely anatase make-up of the unstructured sol-
gel TiO2. 
The maximum PCO conversion obtained for unstructured sol-gel TiO2 corresponds to a 
photoreactor quantum efficiency of 2.3%. This is the biggest quantum efficiency attained in all 
the PCO experiments in this work. 
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 Macroporous TiO2 on Optic Fiber Substrate. In this section, it was shown that at low 
TiO2 weight, sol-gel template synthesis based on dipcoating (3DC) followed by immersion 
infiltration (II) did produce thin macroporous structure of TiO2 as evident by the SEM images of 
the optic fiber. However, the degree of ordering in the dipcoated samples has to be improved to 
obtain the periodicity required for photonic crystal application. The ideal TiO2:PS weight ratio is 
1.37  based on a macroporous structure that follows FCC periodicity. Below this range there 
would be incomplete infiltration and above this range would result to either over-filling of the 
template or non-contacting spheres .  
The PCO conversion for the optic fiber at a surface loading of 0.12 mg/cm2 macroporous 
TiO2 was 12.4%. This conversion corresponds to a photoreactor quantum efficiency of 0.47%, 
which is comparable to the PCO conversion values of Degussa P25 slurry and unstructured sol-
gel TiO2 at low weight loading. Therefore, to get higher ethanol PCO conversion, higher TiO2 
weight loading is needed at ideal TiO2:PS weight ratio. 
 Macroporous TiO2 on Glass Slide Substrate. In this section, PCO conversion values 
supported the assumption that the macroporous TiO2 deposited on the glass slide substrate is 
representative of that in the optic fiber. Further improvement on the sol-gel template synthesis 
method can be done using glass slide as a substrate.  
To address the issue on the ordering, an effort was made to improve the colloidal crystal 
templating. Out of three methods, the convective assembly (CA) seems to be a promising 
alternative because of the near perfect colloidal crystal structure observed in the CA samples. It 
has very good iridescent property, a visual indication that there is an optical stop band. However, 
processing time is very long, taking almost a week to complete the templating step. The coat is 
not uniform, which suggests difficulty in producing a uniform coating thickness and weight. This 
is confirmed by the measured PS weight of the samples which translates to thickness half that for 
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dipcoating (DC). TiO2 weight loading is also low, approximately 0.3 mg/ slide which suggests 
incomplete sol-gel infiltration. For comparison, optimum TiO2 weight is 0.403 mg/cm2 (7.8 
mg/slide).  
 To address the issue on low TiO2 weight, the number of dipcoated layer was increased in 
order to get thicker template and produce more void spaces for TiO2 infiltration. Good control 
between number of dipcoating and PS weight was established. However, there was evidence that 
loss of template was happening during the sol-gel infiltration step. This might be expected for 
nano-structures when aspect ratio (thickness to pore size ratio) is increased. Even when a pre-
treatment step to strengthen the template was added, TiO2 weight was still very low suggesting a 
problem with either the sol-gel infiltration or the hydrolysis step. 
To make the immersion infiltration (II) more effective, four variations were tried but 
none gave good results. However, thick layer infiltration (TLI) easily demonstrated that higher 
TiO2 weights can be achieved. Also good control on the TiO2 weight was possible by varying the 
concentration of precursor solution. This is very important since macroporous structures of high 
aspect ratios will be required for the high-TiO2 weight and high-porosity photonic crystals. A 
few of the TLI samples match the ideal TiO2:PS weight ratio of 1.37.   
 Shown in Figure 5.1-1 is an over-all summary of PCO conversion of the three 
photocatalysts studied in this work. The resulting PCO conversion for macroporous TiO2 did not 
differ significantly from the values obtained for unstructured sol-gel TiO2. The data fits the same 
trend of increasing PCO conversion at low weight loading and approach almost the same 
maximum conversion values of 61% at high weight loading. For purposes of accomplishing 
photocatalytic oxidation of ethanol, the macroporous and unstructured sol-gel TiO2 are the same 
photocatalyst. This is confirmed by SEM images showing clumps of TiO2 spheres on top of the 
substrate. No sign of an ordered macroporous structure was evident. From the experimental rate 
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data, an apparent reaction order of 0.45 and an approximate rate constant of 0.00144 
(mol/cm3)0.55 (cm3/ gcat-s) were obtained. 
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Figure 5.1-1 Over-all Summary of PCO Conversion for the Different Photocatalysts 
 In conclusion, a higher PCO conversion was observed in the unstructured sol-gel TiO2 as 
compared to Degussa P25. A maximum PCO conversion of 61% and a 2.3% quantum efficiency 
was obtained. TiO2 macroporous structure was successfully fabricated in this work at low TiO2 
weights, as evident by the SEM images in the optic fiber. However, the absence of the long range 
ordering in its periodic structure makes it difficult to have the PBG properties of photonic 
crystals. The PBG-EBG overlap is needed to slow down the photons of the transmitted UV light 
and for the enhancement of ethanol PCO. Also the photocatalyst loading is well below the 
optimum TiO2 weight of 0.403 mg/cm2 (7.8 mg/slide) that gives the maximum PCO conversion. 
Use of immersion infiltration and thick layer infiltration methods to produce a TiO2 macroporous 
structure that is within the optimum TiO2 weight and ideal TiO2:PS weight ratio was 
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unsuccessful. Similar PCO conversion values were observed, comparable to the unstructured sol-
gel TiO2. Further work is needed to improve the methodology that was used in fabricating the 
TiO2 macroporous structure.   
5.2 Recommendations 
The recommendations put forward here will essentially address the issues and difficulties 
encountered in this work. Some suggestions on improving the methodology will be given. 
Additional work that can be done on ethanol PCO using the existing and modified set-up is also 
given.  
Methodology Improvement. Among the three methods discussed for colloidal crystal 
templating, the method of convective assembly shows great promise. This method has 
demonstrated that a well ordered colloidal crystal, an important prerequisite for photonic band 
gap materials, can be made. This is clearly evident in the convective assembly sample which 
demonstrates good iridescent properties and a near-perfect long range ordering of the spheres, 
better than either dipcoating or thick layer evaporation samples. This method offers flexibility in 
depositing colloidal crystal to other substrate geometry like optical fibers, where thick layer 
evaporation obviously has no application. One downside of this method is its long processing 
time of 6 to 7 days. Also, it was not determined if successive coating can be made on top of the 
deposited colloidal crystal. This is a major requirement for creating thicker coats and fabricating 
nano-structures with high aspect ratios. An alternative method which was not evaluated in this 
work but has the potential to address both processing time and thicker template is the 
centrifugation method Wijnhoven(2001). In this method, the PS spheres are deposited on the substrate 
through a centrifuge. This dramatically speeds up the gravity sedimentation process and can be 
completed in a matter of hours Stein(2001). The coating thickness is limited only by the weight of 
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the PS suspended in the solution. As such, it is only a one time application of coat and no 
successive coating is required. 
Sol-gel infiltration of the PS template at high aspect ratio was a significant problem in 
this work, both in the immersion and thick layer infiltration methods. There is evidence that 
preferential nucleation occurs in the bulk precursor solution, outside of the template. One 
alternative method is suction assisted infiltration Richel(2000),Wang(2006). The vacuum ensures that all 
the void spaces are effectively infiltrated with the sol-gel. Another alternative method is co-
precipitation of anatase nano-crystals and PS spheres, which is based on a slow controlled 
evaporation of the anatase-PS slurry solution inside a humidity chamber Subramania(1999), Stein(2001). 
This method essentially combines the templating and sol-gel infiltration into one single step. 
Additional Work. Literature on the photocatalytic oxidation of ethanol is still not well 
defined with respect to the reaction order, rate constant, effect of changing humidity, reaction 
mechanism and product selectivity. While the set-up designed for this work was successfully 
used to obtain the reaction order and rate constant, a slight modification is required to study the 
effect of changing humidity. The reaction mechanism and product selectivity can only be probed 
upon the availability of improved separation capabilities. In addition, gas phase PCO of aromatic 
VOC’s can also be studied. 
If a batch reactor is desired for the convenience of collecting rate data, the continuous 
flow photoreactor can be modified through the addition of recirculation pump and bypass 
connection. Through the method of excess, additional runs can be made to determine the reaction 
order for water vapor and oxygen. Once this has been determined, then the rate constant can be 
found using differential analysis. If rate constant is available at different temperature, an 
Arrhenius plot can be made to determine the activation energy. Once the Arrhenius constant is 
available, a relationship between rate constant and reaction temperature can be established. 
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The set-up can also be modified by having two separate streams for the ethanol and water 
vapor. This will make it possible to study the effect of changing humidity levels on ethanol PCO 
conversion. 
From the standpoint of indoor air quality, the conversion of ethanol to either 
formaldehyde, acetaldehyde or other hazardous VOC is undesirable. Better chromatographic 
separation techniques such as heart-cut and Dean switch technology (currently being offered by 
Agilent) are needed to accomplish efficient separation of oxygenates and hydrocarbons 
Agilent(2008). Through these improvements, reaction mechanisms and intermediate products of the 
PCO reaction as well as product selectivity of the photocatalyst can be more thoroughly studied. 
Additional work can also be done specifically on the gas-phase PCO of aromatic VOC’s 
(toluene, benzene, dicholorobenzene) using macroporous TiO2. Optimum TiO2 weights can be 
deposited on an optic fiber while the fiber ensures maximum utilization and efficient delivery of 
UV light. Lastly, photocatalyst deactivation and regeneration can be more thoroughly studied. 
   
   
 109
REFERENCES 
  Agilent Technologies Inc. “Agilent’s Hydrocarbon Solutions Seminar” Series 5989-7878 
EN. USA. (2008).
  Ao,C.H.; Lee,S.C.; Yu,J.Z.; Xu,J.H. “Photodegradation of Formaldehyde by Photocatalyst 
TiO2: Effects on the Presence of NO, SO2 and VOC’s”. Applied Catalysis B: Environmental 
V54 N1, p41-50 (2004). 
 
  Arana,J.; Dona-Rodriguez,J.M.; Gonzalez-Diaz,O.; Tello Rendon,E,; Herrera Melian,J.A.; 
Colon,G.; Navio,J.A.; Perez Pena,J. “Gas-phase. Ethanol  Photocatlytic Degradation Study 
with TiO2 doped Fe, Pd and Cu”. Journal of Molecular Catalysis  A: Chemical 215, p153-
160 (2004). 
  Awazu,K.; Wang,X.; Fujimaki,M.; Kuriyama,T.; Sai,A.; Ohki,Y.; Imai,H. “Fabrication of 
Two and Three-dimensional Photonic Crystals of Titania with Submicrometer Resolution by 
Deep Xray Lithography”. Journal of Vacuum Science and Technology Vol23 No3, p934-939 
(2005). 
 
  Bartholomew,C.H.; Farrauto,R.J. “Fundamentals of Industrial Catalytic Process”. John Wiley 
& Sons, Inc. , Hoboken, New Jerseyc(2006). 
  Bird,R.B; Stewart,W.E.; Lightfoot,E.N. “Transport Phenomenon” 2nd Ed. John Wiley and 
Sons, Inc. (2002) 
  Brinker,C.J.; Scherer,G.W. “Sol-gel Science: The Physics and Chemistry of Sol-gel 
Processing”. Boston: Academic Press, California, USA c(1990). 
 
 Cao,L.; Gao,Z.; Suib,S.L.; Obee,T.N.; Hay,S.O.; Freihut,J.D. “Photocatalytic Oxidation of 
Toluene on Nanoscale TiO2 Catalysts: Studies of Deactivation and Regeneration”. Journal of 
Catalysis V196, p253-261 (2000). 
  Carrizosa,I.; Munuera,G. “Study of Interaction of Aliphatic Alcohols with TiO2”. Journal of 
Catalysis V49 N2, p174-188 (1977). 
 
  Chen,J.I.L.; Freymann,G.; Choi,S.Y.; Kitaev,V.; Ozin,G.A. “Amplified Photochemistry with 
Slow Photons”. Advanced Materials. V18, p1915-1919 (2006). 
 
  Deegan,R.D.; Bakajin,O.; Dupont,T.F.; Huber,G.; Nagel,S.R.; Witten,T.A. “Contact Line 
Deposits in an Evaporating Drop ”. Physical Review E V62 N1, p756-765 (2000) 
  Denkov,N.D.; Velev,O.D.; Kralchevsky,P.A.; Ivanonv,I.B.; Yoshimura,H.; Nagayama,K. 
“Two-dimensional Crystallization”. Nature V361 N6407, p26 (1993) 
  Do,Y.R.; Lee,W.; Dwight,K.; Wold,A. “The Effect of WO3 on the Photocatalytic Activity of 
TiO2”. Journal of Solid State Chemistry V108 N1, p198-201(1994) 
   
   
 110
  Doucet,N.; Zahraa,O.; Bouchy,M. “Kinetics of the Photocatalytic Degradation of Benzene”. 
Catalysis Today V122, p168-177 (2007). 
 
  Eibl,S.; Gates,B.C.; Knozinger,H. “Structure of WOx/TiO2 Catalysts Prepared from Hydrous 
Titanium Oxide Hydroxide: Influence of Preparation Parameters”. Langmuir V17 N1, p107-
115 (2001). 
 
 Einaga,H.; Ibusuki,T.; Futamara,S. “Improvement of Catalyst Durability by Deposition of Rh 
on TiO2 in Photooxidation of Aromatic Compounds”. Environmental Science & Technology. 
V38, p285-289 (2004). 
  Fogler,H.S. “Elements of Chemical Reaction Engineering” 4th Ed. Pearson Education Inc. 
NJ, USA c(2006).
  Gamble,L.; Jung,L.S.; Campbell,C.T. “Decomposition and Promotion of Surface Ethoxys on 
TiO2 (11)”. Surface Science 348, p1-16 (1996). 
  Gerischer,H.; Heller,A. “The Role of Oxygen in Photooxidation of Organic Molecules on 
Semiconductor Particles”. The Journal of Physical Chemistry, V95, N13, p5261-5267 
(1991). 
  Gupta,A.K.; Teja,A.S.; Chai,X.S.; Zhu,J.Y. “Henry’s Constants of n-Alkanols in Water at 
Temperatures between 40oC and 90oC”. Fluid Phase Equilibria V170, p183-192 (2000). 
  Hockberger. “A History of Ultraviolet Photobiology for Humans, Animals and 
Microorganisms”. Photochemistry and Photobiology Vol76 No6, p561-579 (2002). 
  Holland,B.T.; Blanford,C.F.; Stein,A. “Synthesis of Macroporous Minerals with Highly 
Ordered Three-dimensional Arrays of Spheroidal Voids”. Science V281, p538-540 (1998). 
  Hore,S.; Nitz,P.; Vetter,C.; Prahl,C.; Niggemann,M.; Kern,R. “Scattering Spherical Voids in 
Nanocrystalline TiO2- Enhancement of Efficiency in Dye-sensitized Solar Cells”. Chemical 
Communications, V2005 N15, p2011-2013, (2005). 
  Hwang,S.-J.; Raftery,D. “In Situ Solid-state NMR Studies of Ethanol Photocatalysis: 
Characterization of Surface Sites and their Reactivities”. Catalysis Today V49, p353-361 
(1999). 
  Indoor Environments Division (IED) – Office of Radiation and Indoor Air (ORIA). “A 
Standardized EPA Protocol for Characterizing Indoor Air Quality in Large Office 
Buildings”. US EPA Washington, DC 20460 (2003). 
  Jayaweera,P.M.; Quah,E.L.; Idriss,H. “Photoreaction of Ethanol on TiO2 (110) Single-
Crystal Surface”. Journal of Physical Chemistry Vol111, p1764-1769 (2007).
  Jiang,P.; Hwang,K.S.; Mittleman,D.M.; Bertone,J.F.; Colvin,V.L. “Template-Directed 
Preparation of Macroporous Polymers with Oriented and Crystalline Arrays of Voids”. 
V121, p11630-11637 (1999). 
   
   
 111
  Jiang,P.; Bertone,J.F.; Hwang,K.S.; Colvin,V.L. “Single-Crystal Colloidal Multilayers of 
Controlled Thickness”. V11, p2132-2140 (1999)b. 
  John,S. “Strong Localization of Photons in Certain Disordered Dielectric Superlattices”. 
Physical Review Letters V58 N23, p2486-2489 (1987).
 
  Johnson,S.G.; Joannopolous,J.D. “Block-iterative Frequency Domain Methods for 
Maxwell’s Equations in a Planewave Basis”. Optics Express V8 N3, p173-190 (2001). 
  Johnson,S.G.; Joannopolous,J.D. “Three-dimensionally Periodic Dielectric Layered Structure 
with Omnidirectional Photonic Band Gap”. Applied Physics Letters V77 N22, p3490-3492 
(2000). 
  Johnson,S.G.; Joannopolous,J.D. “The MIT Photonic-Bands Package home page”. http://ab-
initio.mit.edu/mpb. 
  Kelvin. “Baltimore Lectures on Molecular Dynamics and the Wave Theory of Light”. C.J. 
Clay and Sons, Cambridge University Press (1904) 
  Kinge,S.; Crego-Calama,M.; Reinhoudt,D.N. “Self-Assembling Nanoparticles At Surfaces 
and Interfaces”. Journal of Chemical Physics and Physical Chemistry V9, p20-42 (2008). 
  Kralchevsky,P.A.; Denkov,N.D.; Paunov,V.N.; Velev,O.D.; Ivanov,I.B.; Yoshimura,H.; 
Nagayama,K. “Formation of Two-dimensional Colloid Crystals in Liquid Films under the 
Action of Capillary Forces”. Journal of Physics Condensed Matter. V6 N23, pA395-A402 
(1994). 
 
  Krauss,T.F.; De La Rue,R.M.; Brand,S. “Two-dimensional Photonic Bandgap Structures 
Operating at Near-infrared Wavelengths”. Letters to Nature V383 N6602, p699-702 (1996).
 
  Kuai,S.L.; Hu,X.F.; Truong,V.-V. “Synthesis of Thin Film Titania Photonic Crystals 
Through a Dip-infiltrating Sol-gel Process”. Journal of Crystal Growth V259 N4, p404-410, 
(2003). 
 
  Kwon,Y.T.; Song,K.Y.; Lee,W.I.; Choi,G.J.; Do,Y.R. “Photocatalytic Behavior of WO3-
Loaded TiO2 in an Oxidation Reaction”. Journal of Catalysis V191, p192-199 (2000). 
 
  Lin,X.M.; Jaeger,H.M.; Sorensen,C.M.; Klabunde,K.J. “Formation of Long-Range-Ordered 
Nanocrystal Superlattices on Silicon  Nitride Substrates”. Journal of Physical ChemistryB 
V105 N17, p3353-3357 (2001). 
 
  Lin,H.F.; Ravikrishna,R.; Valsaraj,K.T. “Reusable Adsorbents for Dilute Solution 
Separation. Batch and Continuous Reactors for the Adsorption and Degradation of 1,2-
Dichlorobenzene from Dilute Wastewater Streams Using Titania as a Photocatalyst”. 
Separation and Purification Technology V28 N2, p87-102 (2002). 
   
   
 112
  Linsebigler,A.L.; Lu,G.; Yates,J.T. “Photocatalysis on TiO2 Surfaces: Principles, 
Mechanisms and Selected results”. Chemical Reviews V95 N3, p735-758 (1995).
  Lu,G.; Linsebigler,A.L.; Yates,J.T. “Photochemical Identification of Two Chemisorption 
States for Molecular Oxygen on TiO2 (110)”. Journal of Chemical Physics V102 No7, 
p3005-3008 (1995). 
  Lusvardi,V.S.; Barteau,M.A.; Dollinger,W.R.; Farneth,W.E. “Influence of Surface 
Hydroxyls on the Adsorption and Reaction of Ethanol on Polycrystalline Titania”. Journal of 
Physical Chemistry V100 N46, p18183-18191 (1996). 
  Ma,C.M.; Wang,W.; Ku,Y.; Jeng,F.T. “Photocatalytic Degradation of Benzene in Air 
streams in an Optical Fiber Photoreactor”. Chemical Engineering Technology, V30, N8, 
p1083-1087 (2007). 
  Martra,G.; Coluccia,S.; Marchese,L.; Augugliaro,V.; Loddo,V.; Palmisano,L.; Schiavello,M. 
“The Role of H2O in the Photocatalytic Oxidation of Toluene in Vapour Phase on Anatase 
TiO2 Catalyst A FTIR Study”. Catalysis Today V53 N4, p695-702 (1999). 
  McCabe,W.L.; Smith,J.; Harriott,P. “Unit Operations of Chemical Engineering” 6th Ed. 
McGraw-Hill, New York, USA c(2001) 
  Miguez,H.; Meseguer,F.; Lopez,C.; Blanco,A.; Moya,J.S.; Requena,J.; Mifsud,A.; Fornes,V. 
“Control of the Photonic Crystal Properties of FCC-packed Submicrometer SiO2 Spheres by 
Sintering”. Advanced Materials, V10, N6, p480-483 (1998). 
  Mittleman,D.M.; Bertone,J.F.; Jiang,P.; Hwang,K.S.; Colvin,V.L.. “Optical Properties of 
Planar Colloidal Crystals: Dynamic Diffraction and the Scalar Wave Approximation”. 
Journal of Chemical Physics V111 N1, p345-354 (1999). 
  Muggli,D.S.; Lowery,K.H.; Falconer,J.L. “Identification of Adsorbed Species During 
Steady-State Photocatalytic Oxidation of Ethanol on TiO2”. Journal of Catalysis V180, 
p111-122 (1998)b. 
  Muggli,D.S.; McCue,J.T.; Falconer,J.L. “Mechanism of the Photocatalytic Oxidation of 
Ethanol on TiO2”. Journal of Catalysis V173 N2, p470-483 (1998)a. 
 
  Nimlos,M.R.; Wolfrum,E.J.; Brewer,M.L.; Fennell,J.A.; Bintner,G. Gas”-Phase 
Heterogenous Photocatalytic Oxidation of Ethanol: Pathways and Kinetic Modelling”. 
Environmental Science & Technology V30 N10, p3102-3110 (1996).
  Ngo,T.T.; Liddell,C.M.; Ghebrebrhan,M.; Joannopoulos,J.D. “Tetrastack: Colloidal 
Diamond Inspired Structure with Omnidirectional Photonic Band Gap for Low Refractive 
Contrast”. Applied Physics Letters V88 N24, p241920-1 to p241920-2 (2006). 
  Oatley,C.W. “The Scanning Electron Microscope”. Cambridge University Press, Great 
Britain c(1972). 
   
   
 113
  Occupational Safety and Health Admistration (OSHA). “Limits for Air Contaminants”. 
1910.1000 Table Z-1, CFR 29. Washington, DC 20210 (1999) 
 Peral,J.; Domenech,X.; Ollis,D.F. “Heterogenous Photocatalysis for the Purification, 
Decontamination and Deodorization of Air”. J. Chem. Technol. Biotechnol V70, p117-140 
(1997). 
 
  Perry,R.H.; Green,D.W. “Perry’s Chemical Engineers’ Handbook” 8th Ed. Mc-Graw Hill 
Professional c(2007). 
 
 Piera,E.; Ayllon,J.A.; Domenech,X.; Peral,J. “TiO2 Deactivation During Gas-phase 
Photocatalytic Oxidation of Ethanol”. Catalysis Today V76 N2-4, p259-270 (2002). 
  Pilkenton,S.; Hwang,S.-J.; Raftery,D. “Ethanol Photocatalysis on TiO2-Coated Optical 
Microfiber, Supported Monolayer, and Powdered Catalysts: An in Situ NMR Study”. Journal 
of Physical Chemistry B, V103 N50, p11152-11160 (1999) 
  Poole,C.P.; Owens,F.J. “Introduction to Nanotechnology”. John Wiley & Sons Inc., New 
Jersey, USA c(2003). 
  Postek,M.T.; Howard; Johnson; McMichael. “A Student’s Handbook”. Michael T. Postek, Jr 
and Ladd Research Industries c(1980). 
  Quantachrome Instruments “AUTOSORB-1 Gas Sorption System Manual”, AS-1-2 RevB 
P/N 05061. (2001). 
  Reimer,L. “Scanning Electron Microscopy”. Springer-Verlag Berlin Heidelberg, Germany 
c(1985). 
  Ren,M.; Ravikrishna,T.; Valsaraj,K.T. “Photocatalytic Degradation of Gaseous Organic 
Species on Photonic Band-gap Titania”. Environmental Science Technology, V40 N22, 
p7029-7033 (2006). 
  Richel,A.; Johnson,N.P. “Observation of Bragg Reflection in Photonic Crystals Synthesized 
from Air Spheres in Titania Matrix”. Applied Physics Letters, V76, N14 p1816-1818 (2006). 
  Sakatani,Y.; Grosso,D.; Nicole,L.; Boissiere,C.; Soler-Illia,G.J.; Sanchez,C. “Optimised 
Photocatalytic Activity of Grid-like Mesoporous TiO2 Films: Effect of Crystallinity, Pore 
Size Distribution and Pore Accessibility”. Journal of Materials Chemistry. V16 N1, p77-82 
(2006). 
  Sakka,S. “Applications of Sol-Gel Technology” Volume III. Kluwer Academic Publishers, 
Massachusetts, USA c(2005). 
  Sauer,M.L.; Ollis,D.F. “Photocatalyzed Oxidation of Ethanol and Acetaldehyde in 
Humidified Air”. Journal of Catalysis V158 N2, p570-582 (1996). 
   
   
 114
  Song,K.Y.; Park,M.K.; Kwon,Y.T.; Lee,H.W.; Chung,W.J.; Lee,W.I. “Preparation of 
Transparent Particulate MoO3/TiO2 and WO3/TiO2 Films and their Photocatalytic 
Properties”. Chem. Mater. V13 N7, p2349-2355 (2001). 
  Stein,A. “Sphere Templating Methods for Periodic Porous Solids”. Microporous and 
Mesoporous Materials V44-45, p227-239 (2001). 
  Stevens, Lanning, Anderson, Jacoby, Chornet. “Investigation of the Photocatalytic 
Oxidationof low-level Carbonyl Compounds”. Journal of the Air & Waste Management 
Association V48, p979-984 (1998). 
  Subramania,G; Constant,K.; Biswas,R.; Sigalas,M.M.; Ho,K.-M. “Optical Photonic Crystals 
Fabricated from Colloidal Systems”. Applied Physics Letters. V74, N26, p3933-3935 (1999). 
  Tatsuma,T.; Saitoh,S.; Ngaotrakanwiwat,P.; Ohko,Y.; Fujishima,A. “Energy Storage of 
TiO2-WO3 Photocatalysis Systems in the Gas Phase”. Langmuir V18 N21 p7777-
7779(2002). 
  Thibodeaux,L.J. “Environmental Chemodynamics”. John Wiley and Sons Inc., USA c(1996). 
 
  Thomas,J.M.; Thomas,W.J. “Principles and Practice of Heterogenous Catalysis”. VCH 
Publishers Inc., New York, USA c(1997). 
  Turner,M.E.; Trentler,T.J.; Colvin,V.L. “Thin Films of Macroporous Metal Oxides”. 
Advance Materials V13, p180-183, (2001). 
  US Environmental Protection Agency (US EPA). “Masterlist VOCs - Building Assessment 
Survey and Evaluation”. US EPA Washington, DC 20460 (1998). 
  Velev,O.D.; Jede,T.A.; Lobo,R.F.; Lenhoff,A.M. “Microstructured Porous Silica Obtained 
via Colloidal Crystal Templates”. Chem Mater Vol10, p3597-3602 (1998). 
 Wang,W.; Chiang,L.-W.; Ku,Y. “Decomposition of Benzene in Air Streams by UV/TiO2 
Process”. Journal of Hazardous Materials B V101, p133-146 (2003).  
  Wang,C.; Geng,A.; Guo,Y.; Jiang,S.; Qu,X.; Li,L. “A Novel Preparation of Three-
dimensionally Ordered Macroporous M/Ti (M=Zr or Ta) Mixed Oxide Nanoparticles with 
Enhanced Photocatalytic Activity”. Journal of Colloid and Interface Science. V301 N1, 
p236-247 (2006). 
 
  Wang,R.; Sakai,N.; Fujishima,A.; Watanabe,T, Hashimoto,K. “Studies of Surface 
Wettability Conversion on TiO2 Single-Crystal Surfaces”. Journal of Physical Chemistry B 
V103 N12, p2188-2194 (1999). 
  Wijnhoven,J.E.; Bechger,L.; Vos,W.L. “Fabrication and Characterization of Large 
Macroporous Photonic Crystals of Titania”. Chemistry of Materials V13, p4486-4499 
(2001). 
 
   
   
 115
  Wijnhoven,J.E.; Vos,W.L. “Preparation of Photonic Crystals Made of Air Spheres in 
Titania”. Science. V281, p802-804 (1998). 
 
  Wright,J.D.; Sommerdjik,N.A. “Sol-Gel Materials Chemistry and Applications”. Overseas 
Publishers Association, c(2001). 
 
  Yablonovitch,E. “Photonic Band Gap Structures”. Optical Society of America. V10 N2 
February (1993). 
  Yablonovitch,E. “Inhibited Spontaneous Emission in Solid-State Physics and Electronics”. 
Physical Review Letters V58 N20, p2059-2062 (1987).
  Yan,H.; Blanford,C.F.; Holland,B.T.; Smyrl,W.H.; Staen,A. “General Synthesis of Periodic 
Macroporous Solids by Templated Salt Precipitation and chemical Conversion”. Chem. 
Mater. V12, p1134-1141 (2000). 
  Yang,Y.Z.; Chang,C.-H.; Idriss,H. “Photo-catalytic Production of Hydrogen from Ethanol 
over M/TiO2 Catalysts (M= Pd, Pt or Rh)”. Applied Catalysis B: Environmental V67, p217-
222 (2006).
  Yang,L.; Liu,Z. “Study on Light Intensity in the Process of Photocatalytic Degradation of 
Indoor Gaseous Formaldehyde for Saving Energy”. Energy Conversion and Management 
V48 N3, p882-889 (2007). 
  Yu,Z.; Chuang,S.S.C. “In situ IR study of Adsorbed Species and Photogenerated Electrons 
during Photocatalytic Oxidation of Ethanol on TiO2”. Journal of Catalysis V246 N2, p118-
126 (2007). 
  Yu,X.F.; Wu,N.Z.; Huang,H.Z.; Xie,Y.C.; Tang,Y.Q. “A study on the Monolayer Dispersion 
of Tungsten Oxide on Anatase”. Journal of Materials Chemistry V11, p3337-3342 (2001). 
 
  Zhang,L.; Anderson,W.; Sawell,S.; Moralejo,C. “Mechanistic Analysis on the Influence of 
Humidity on Photocatalytic Decomposition of Gas-phase Chlorobenzene”. Chemosphere 
V68, p546-553 (2007). 
  
   
 116
APPENDIX A: LETTERS OF PERMISSION 
 
  
   
 117
 
 
 
  
   
 118
APPENDIX B: CALCULATIONS 
 This document contains the calculation used for the evaluation of experimental results. 
Appendix B.1 is about ethanol evaporator vapor-liquid-equilibrium (VLE). This is followed by 
Appendix B.2 which is an estimation of the photon flux. In Appendix B.3, mass transfer 
limitation is evaluated given the reaction conditions. The apparent reaction order and rate 
constant is approximated in Appendix B.4. Finally in Appendix B.5, calculations based on the 
FCC geometric model is discussed.  
B.1 Ethanol Evaporator VLE 
 This section describes the vapor-liquid-equilibrium (VLE) model of the ethanol 
evaporator. Ethanol vapor concentration is first calculated using Raoult’s law. The resulting 
value is then compared to ethanol vapor concentration calculated based on Henry’s law. Ethanol 
evaporator loss is projected over a period of time then compared with the actual GC peak area 
values.   
 Raoult’s Law. The evaporator was filled by a 1% (vol) ethanol aqueous solution. The 
carrier air is bubbled through the solution using a sparger submerged below the liquid line. 
Vapor liquid equilibrium is assumed to be established immediately upon air-liquid contact.  
Vapor pressure of ethanol Pvap is obtained through the use of Antoine equation (eqn B.1-
1) and the coefficients Perry(2007) A = 8.112, B = 1592.864 and C = 226.184. At the laboratory 
temperature T of 22oC, ethanol vapor pressure equals 49mm Hg. 
Log Pvap = A – B/ (C + T)   (eqn B.1-1) 
 Raoult’s ‘Law of partial pressure’ (eqn B.1-2) predicts that at this liquid mole fraction xliq 
of 0.0031, partial pressure Po of the ethanol vapor in the bubbled air stream would be 0.15mm 
Hg. From ideal gas law, this partial pressure is equivalent to an ethanol vapor concentration of 
202 ppm (8.34 mmol/m3). 
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 Po = xliq Pvap     (eqn B.1-2) 
  Henry’s Law. For dilute solutions, Henry’s law (eqn B.1-3) is more applicable. Using 
literature value Gupta(2000) of the Henry’s constant (log Hc = -3.64) and liquid concentration Cliquid 
of  0.171 mmol/mL, concentration of ethanol vapor Cvapor is calculated to be 847 ppm (34.97 
mmol/m3 or 3.5 x10-8 mol/cm3). 
Hc =  Cvapor / Cliquid    (eqn B.1-3) 
This value is higher than that derived from Raoult’s law by a factor of 4x. This is a result 
of the non-ideal behavior of ethanol-water mixture which creates a positive deviation from 
Raoult’s law.  
Ethanol Evaporator Loss. Shown in Figure B.1-1 is the GC response measurement 
taken with respect to time. Each data point corresponds to the inlet ethanol concentration over a 
4hour run period.  GC peak area went down by 13.4% over a 4hour period. 
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Figure B.1-1 GC Response Measurements with Time 
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After doing a mass balance on the ethanol species, calculated loss of ethanol is 0.126 
mmol. A mass balance on water species resulted to a loss of 3.4 mmol. Accounting for both 
ethanol and water loss, the calculated ethanol concentration in the aqueous solution went down 
by 6.8% to 0.161 mmol/mL. From Henry’s law, final ethanol vapor concentration is 3.3 x10-8 
mol/cm3, which is down also by 6.8%. 
 This drop in ethanol concentration is smaller by a factor of 0.5x compared with the drop 
in GC peak area. One possible reason for this discrepancy is the observation that GC baseline 
signal is also drifting down and could partially contribute to the decrease in GC response with 
time. 
This section gave the initial ethanol vapor concentration CEtOH,o (3.5 x10-8 mol/cm3) that 
is in equilibrium with the ethanol aqueous solution in the evaporator. This will be repeatedly 
used in later calculations specifically when solving for ethanol molar flowrates FEtOH,o (mol/s), 
molar flux WEtOH (mol/cm2-s), global reaction rate RGEtOH (mol/s) and reaction rate R’EtOH 
(mol/g-s) using conversion data obtained from the ethanol PCO experiments. 
B.2 Photon Flux 
 This section describes the calculation made to determine the local and global photon flux 
reaching the photoreactor. Average photon energy is first calculated from the peak wavelength. 
Then measured UV light intensity is expressed as a function of the radial distance off axis. 
Finally, integrated photon flux is calculated with and without the 5cm aperture.  
Average Photon Energy. Average energy of each photon E is computed to be 5.44 x10-
19 J/photon (3.4 eV/photon where 1eV = 1.602 x10-19 J) from equation B.2-1 where h is Planck’s 
constant (6.626 x10-34 J.s), c is the speed of light ( 3 x108 m/s) and λ is the UV peak wavelength 
(365nm).  
E = h c/λ     (eqn B.2-1) 
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Measured Local Intensity. Shown in Figure B.2-1 is the measured UV local intensity 
distribution of the lamp used in ethanol PCO. The maximum local intensity I based on UV lamp 
technical specification is 21.7 mW/cm2 measured at a distance of 2” from the light source. Using 
a UV detector (UVX Radiometer from UVP) placed 2” from the lamp right beneath the center of 
illuminated area, maximum measured value is 11.2 mW/cm2. As the UV detector is moved away 
from the central axis at 1cm increment, there is a gradual reduction in UV intensity. Below are 
the actual measured values. 
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Figure B.2-1 Local Intensity Spatial Distribution  
Integrated Photon Flux for the Square Photocatalyst Bed. Shown in Figure B.2-2 is a 
correlation of UV light intensity against the radius or distance off the central axis. The local 
intensity I is curve fitted to get the correlation as a function of radial distance.  
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Local Intensity vs Radial Distance
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Figure B.2-2 Correlation of Local Intensity with Radial Distance 
To solve for the global photon flux going into the photocatalyst bed having a square 
geometry, the radius is first converted to x and y coordinate using Pythagorean theorem. The 
local intensity I is then expressed as a function of x and y, then subjected to double integration 
(eqn B.2-2), with half the length of one side (0.035 m) as limits of integration. This gives a value 
for the global intensity IG of 0.122 J/s, where W = J/s. 
IG =  ∫ ∫ I(√x2+y2) dx dy     (eqn B.2-2) 
For the final calculation of the global photon flux FG , a correction factor (C) of 0.9 for 
window transmission losses is used. Using the average energy E of one photon (5.44 x10-19 
J/photon) joule is converted into photons (eqn B.2-3). This gives a final value for the FG of 2.017 
x1017 photon/s or a local photon flux FL of 3.47 x1015 photon/s-cm2 (eqn B.2-4), where Asquare is 
the area of the square bed (58 cm2). 
   FG = C * IG / E     (eqn B.2-3) 
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FL = FG / Asquare    (eqn B.2-4) 
Global Photon Flux with 5cm Aperture. To solve for the global photon flux with the 
5cm aperture circular geometry, a single integration method (eqn B.2-5) is used, with the radius 
(0.025 m) as the limits of integration. The global intensity IG is calculated to be 0.085 J/s, 
resulting to an FG value of 1.403 x1017 photon/s (eqn B.2-3). The aperture resulted to a reduction 
in area of 66% (down to 19.6 cm2) whereas only 30% of the global photon flux was reduced. 
Even though the global photon flux turned out to be lower, the configuration still resulted to a 
higher FL local photon flux (eqn B.2-4) of 7.14 x1015 photon/s-cm2 as compared to that without 
the aperture.  
IG =  ∫ I(r) 2 π r dr     (eqn B.2-5) 
 This section has clearly shown that using the 5cm aperture resulted to a higher photon 
flux per unit area. Since the photocatalyst weight is uniformly distributed across the bed, the 5cm 
aperture also resulted to a much higher photon flux per unit weight of photocatalyst.  
B.3 Evaluating Mass Transport Limitation 
 This document describes the evaluation done to determine if there exists a mass transport 
limitation through the analysis of diffusion resistance. In Appendix B.3.1, external diffusion 
resistance is evaluated. This is followed by an evaluation of the internal diffusion resistance, 
Appendix B.3.2. 
B.3.1 External Diffusion Resistance 
 To determine if external diffusion resistance exists, mass transfer coefficients are 
estimated using stagnant film theory, boundary layer theory and the Frossling correlation. 
Afterwards, the smallest mass transfer coefficient is chosen. From a molar flux balance, the 
concentration gradient across the channel height is evaluated. 
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 Stagnant Film Theory. The theory predicts that a stagnant film forms on the fluid-solid 
interface as ethanol vapor stream flows parallel to the photocatalyst bed. Limited mass transfer 
occurs across this stagnant film. Near the wall surface, concentration varies linearly with the 
effective film thickness, assumed to be δ. In a worse case scenario, the stagnant film extends all 
the way up to the top of the channel and effective film thickness would be equal to the channel 
height , δ = 0.35 cm. The theory also assumes that the mass transfer coefficient km varies with 
the first power of the molecular diffusivity DA,B McCabe(2001). Literature values for ethanol-air 
molecular diffusivity DEtOH,Air is 0.119 cm2/s. A mass transfer coefficient of 0.34 cm/s was 
calculated using the equation: 
km = DEtOH,Air / δ.    (eqn B.3-1) 
The assumption that the film extends all the way up the channel is verified using the Von 
karman momentum balance Bird(2002) for a laminar flow across a semi-infinite flat plate, where the 
boundary layer thickness δ is given by equation B.3-2. In this equation, v is the kinematic air 
viscosity (1.51 x10-5 m2/s), x is the distance from the leading edge of the plate (7.62 cm) and v 
the flow velocity (0.094 cm/s).  
δ =  4.64 √ (v x/ v)    (eqn B.3-2) 
The boundary layer thickness was calculated to be 16 cm, which is much larger compared to the 
channel height above the photocatalyst bed. For approximation purposes, the channel height can 
now be taken as the boundary layer thickness. 
  Boundary Layer Theory. For fluid flowing parallel to a flat solid surface, a boundary 
layer will form adjacent the solid surface. For a laminar flow within the boundary layer, Nre < 
105, a correlation Thibodeaux(1996) (eqn B.3-3) can be used to calculate the Sherwood number Sh 
from the Reynold’s Nre (eqn B.3-4) and Schmidt number Sc (eqn B.3-5). The Sherwood number 
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can then be used to solve for the mass transfer coefficient (eqn B.3-6). Again here, the boundary 
layer thickness is assumed to be equal to the channel height, δ = 0.35 cm.  
Sh = 0.664 Nre½  Sc1/3     (eqn B.3-3)  
Nre = Dh v / v       (eqn B.3-4)  
Sc = v / DEtOH,Air       (eqn B.3-5)  
Sh = km δ / DEtOH,Air      (eqn B.3-6)  
The Reynold’s number was calculated to be 0.43 using a hydraulic diameter Dh of 0.7 cm. Using 
the calculated Schmidt number of 1.27, Sherwood number was found to be 0.47. This gives a 
value for the mass transfer coefficient equal to 0.161 cm/s. This is smaller than that computed 
from the film theory.  
 Another simplifying relationship often used in boundary layer theory is the assumption 
that mass transfer coefficient varies with molecular diffusivity raised to the 2/3 power 
McCabe(2001). However, the resulting mass transfer coefficient (0.69 cm/s) for this case would be 4x 
the value computed from the Sherwood correlation. 
 Frossling Correlation. As one final estimate of the mass transfer coefficient, the 
Frossling correlation (eqn B.3-7) is used. This correlation was developed by assuming flow past 
a spherical catalyst pellet.  
Sh = 2 + 0.6 Nre½  Sc1/3     (eqn B.3-7)  
This correlation gives a Sherwood number equal to 2.43 resulting to a value of 0.82 cm/s for the 
mass transfer coefficient. This is so far the largest estimate for km and much larger than the 
values from both film and boundary layer theory. For purposes of evaluating if diffusion 
resistance exists, the smallest mass transfer coefficient will be used. The smallest km is 0.161 
cm/s, which is calculated using the boundary layer theory (eqn B.3-3).  
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Molar Flux Balance. Basic diffusion theory defines the over-all flux going into the 
photocatalyst bed as the sum of the molar flux due to molecular diffusion plus the convective 
transport of the ethanol species. From molar balance, the over-all flux is simply the molar flux of 
ethanol consumption WEtOH calculated (eqn B.3-8) from a global reaction rate RGEtOH of 5.34 x10-
9 mol/s at 61% PCO conversion (eqn 4.1-1) and the available cross-sectional area across which 
molecular diffusion happens. The cross-sectional area was taken to be the circular area of the 
5cm aperture Aaperture (19. 6 cm2). The calculated value of the molar flux is therefore 2.72 x10-10 
mol/cm2-s. 
WEtOH = RGEtOH / Aaperture    (eqn B.3-8) 
Assuming no convective transport across the bed thickness because of the zero bulk 
velocity in the z-direction, only molecular diffusion is left in the diffusion equation. The general 
flux equation defines the flux as equal to the driving force (concentration gradient ∆C) 
multiplied by a proportionality constant (mass transfer coefficient km). For mass transfer, this 
relationship is expressed as (eqn B.3-9) Fogler(2006): 
WEtOH = km ∆C     (eqn B.3-9) 
The concentration gradient was calculated to be 1.69 x10-9 mol/cm3. This is quite small 
(20x) compared to the bulk ethanol concentration of 3.5 x10-8 mol/cm3. It can therefore be 
assumed that there is negligible external resistance to mass transfer. 
B.3.2 Internal Diffusion Resistance 
Internal diffusion resistance within the bed is evaluated by assuming the slowest 
diffusion, which is Knudsen diffusion. The mean free path is calculated to verify if this 
assumption is valid. To further validate the evaluation on internal diffusion resistance, a plot of 
effectiveness factor is used. This will determine if the reaction condition is really within the rate 
limited region.  
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Knudsen Diffusion. Using the long-capillary-tube model having pore size a of 3.3 nm 
(average pore size of P25 slurry), the Knudsen diffusivity DK can be computed (eqn B.3-10) 
Bird(2002) where R is the ideal gas constant, T is the temperature and MWt is the molecular weight. 
A correction factor is included to convert this to an effective Knudsen diffusivity (eqn B.3-11). 
The tortuosity τ and constriction σ is arbitrarily set using typical values of 7 and 0.5 Fogler(2006), 
respectively. A porosity ε value of 0.3 was used based on the experimental value for P25 slurry.  
 DK = (8a/3)  √ (R T /2 π MWt)   (eqn B.3-10) 
 DKeff = DK * (ε σ /τ)     (eqn B.3-11) 
The Knudsen diffusivity was calculated to be 0.0081 cm2/s. An order of magnitude equal 
to 10-2 is typical for Knudsen diffusivity values Fogler(2006). Converting this to an effective 
Knudsen diffusivity, a value of 0.00017 cm2/s is obtained. Using Fick’s law (eqn B.3-12), the 
ethanol concentration gradient dC is computed to be 7.06 x10-10 mol/cm3. This gradient is across 
a bed of thickness dz equal to 4.5 um, the maximum penetration depth of UV light for powdered 
P25. This value is still around 50x smaller than the bulk ethanol concentration 3.5 x10-8 mol/cm3, 
an indication that there is negligible internal diffusion resistance. 
WEtOH = DKeff dC/ dz     (eqn B.3-12) 
Mean Free Path. The assumption of Knudsen diffusion is verified. This is done by 
calculating the mean free path λpath of the ethanol vapor molecule inside the bed. This mean free 
path is computed (eqn B.3-13) Bird(2002) from the average collision diameter d of ethanol-air 
molecule (4.1 Angstrom) and the number density n (atoms/cm3). The number density n is 
calculated from the ideal gas law and the Avogadro’s number (6.022 x1023 atoms/mole). 
λpath = 1/ (√2 π d2 n)    (eqn B.3-13) 
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The average distance traveled by the vapor molecule is 53nm before it collides with 
another vapor molecule. This mean free path is 3x less than the average pore size (120 nm) of the 
templated TiO2 structure. Hence for the macroporous TiO2, there is negligible Knudsen 
diffusion. The calculated concentration gradient across the bed would actually be smaller, by a 
factor of 3000x compared to the ethanol concentration gradient of 3.5 x10-8 mol/cm3.  
For the case of P25 slurry and unstructured sol-gel TiO2 whose pore size was determined 
to be ~ 3.3 nm, then Knudsen diffusion is a real possibility. However in both cases, it was clearly 
shown that there is negligible internal diffusion resistance. 
Effectiveness Factor Plot. An effectiveness factor plot Fogler(2006) is available in most 
chemical reaction engineering textbook and helps to evaluate if the reaction condition is within 
the reaction rate limited region. To be able to use the plot, Thiele modulus is calculated (eqn B.3-
14 and B.3-15). The values for effective Knudsen diffusivity DKeff is 0.00017 cm2/s, the radius R 
is equal to the bed thickness of 1.3 um at maximum PCO conversion and the bulk density ρ is 
3.07 g/cm3 for the unstructured sol-gel TiO2. The appropriate plot is then used to estimate for the 
effectiveness factor η.  
Φzero = R / √( k’EtOH ρ / DKeff CEtOH,o) (eqn B.3-14) 
Φfirst = R / √( k’EtOH ρ / DKeff)   (eqn B.3-15) 
A Thiele modulus-effectiveness factor plot applicable for a zero order Φzero and a first 
order Φfirst reaction is used.  Since the measured reaction order is 0.45, the calculated value is 
extrapolated between these two plots. By definition, effectiveness factor η is the ratio of the 
actual rate of reaction to the ideal rate of reaction occurring at the surface, where there is no 
internal diffusion resistance. Hence a value for effectiveness factor close to unity is ideal since 
this indicates that the experimental rate data is indeed based on the actual rate kinetics and not 
influenced by mass transport limitations.  
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Thiele modulus calculation for the zero order Φzero (eqn 5.3-8) resulted to a value of 3.67 
which corresponds to an effectiveness factor of around 0.9. Calculation for the second order 
Φfirst (eqn 5.3-9) resulted to a modulus of 2.37 x10-3 which corresponds to an effectiveness factor 
of 0.95.  The approximate effectiveness factor based on the reaction conditions would therefore 
be in the middle of these two values, which is 0.925 and very much close to unity.  
Since it has been clearly demonstrated in this section that there is negligible mass transfer 
resistance, the experimental rate data in this work (conversion against mass loading) is based on 
actual rate kinetics. It can therefore be used for the evaluation of the apparent reaction order and 
approximate rate constant.  
B.4 Approximating Reaction Order and Rate Constant 
 This section describes the calculation for the apparent reaction order and the approximate 
rate constant. Using differential analysis, the rate equation is linearized to obtain an apparent 
reaction order. Rate constant is then approximated using the integral from of the design equation 
for a packed bed reactor.  
Apparent Reaction Order. The surface reaction is assumed to be the rate limiting step, 
slower than either the reactant adsorption or product desorption step. According to the rate law, 
reaction rate is a function of the ethanol concentration, possibly water and also oxygen 
concentration. Assuming that water and oxygen are in excess (effectively constant), their 
concentration can be included into the rate constant k’EtOH. With the additional assumption that 
the rate equation follows the power law model, the rate law can be expressed as:  
R’EtOH = - k’EtOH CnEtOH    (eqn B.4-1) 
Using differential analysis, the rate equation can be linearized (eqn B.4-2) and ln R’EtOH 
can be plotted against ln CEtOH. This will give a straight line where the slope is equal to the 
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apparent reaction order. Since rate based on ethanol decomposition is negative, then the negative 
of the reaction rate –R’EtOH is a positive value. 
ln (-R’EtOH)= n ln(CEtOH) + ln kEtOH   (eqn B.4-2)   
Using an initial ethanol concentration of 3.5 x10-8 mol/cm3, the PCO conversion of the 
macroporous TiO2 with a mass loading of 4.7 mg/slide is 31.6%, previously shown in Figure 4.4-
8. This went up to 42.7% conversion when ethanol concentration was reduced by half to 1.75 
x10-8 mol/cm3. The reaction rate R’EtOH is calculated from the global reaction rate RGEtOH (eqn 
4.1-1) divided by the corrected mass loading of 4.77 x10-3 g (based on 2slides and 19.6 cm2 UV 
surface area exposure). The ethanol concentration CEtOH is calculated from the initial ethanol 
concentration CEtOH.o and the PCO conversion (1-x). The slope calculated from the two points 
gives an apparent reaction order of 0.45. 
Rate Constant. It is assumed that there is negligible change in the total number of moles 
during PCO. Since ethanol mole fraction is low (0.0031) and even with a complete conversion to 
CO2 and H2O, total number of moles remains relatively the same before (4 total moles) and after 
(5 total moles) ethanol PCO.  
CH3CH2OH + 3 O2 ? 2 CO2 + 3 H2O    (eqn B.4-3) 
Thus without any big change in the volumetric flowrate, the rate constant can be solved 
from the integral form of the design equation for a packed bed reactor (eqn B.4-4). The equation 
is integrated between the conversion limits of 0 to 0.32, where reaction rate R’EtOH is expressed 
as a function of conversion (eqn B.4-5) and molar flowrate FEtOH,o is expressed in terms of initial 
concentration CEtOH,o and volumetric flowrate vo (eqn B.4-6). The limits of integration 
correspond to the PCO conversion value of 31.6% for macroporous TiO2 which has a weight 
loading of 4.7 mg/slide, shown in Figure 4.4-8. Using the apparent reaction order of 0.45, the 
corrected mass loading of 4.77 x10-3 g (based on 2slides and 19.6 cm2 UV surface area exposure) 
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and molar flowrate of 8.75 x10-9 mol/s, gives a value for the rate constant of 0.00144 
(mol/cm3)0.55 (cm3/ gcat-s).  
W = - ∫F EtOH,o dX/ R’EtOH    (eqn B.4-4) 
R’EtOH = - kEtOH C0.45EtOH,o (1-X) 0.45   (eqn B.4-5) 
FEtOH,o = CEtOH,o vo     (eqn B.4-6) 
 This section was able to give the apparent reaction order (0.45) of ethanol PCO based on 
the experimental rate data. It was also able to give an approximation for the reaction rate 
constant, which is 0.00144 (mol/cm3)0.55 (cm3/ gcat-s).  
B.5 FCC Geometric Model 
 This section describes the geometric model from which all subsequent calculations 
pertaining to macroporous surface area, surface loading, bed porosity, TiO2:PS weight ratio and 
effective density were derived. First, hexagonal close packed arrangement based on 2D will be 
discussed. Then face centered cubic arrangement based on 3D will be described. Lastly, the 
calculated range of values based on this FCC geometric model is discussed. 
2D Periodicity. Layers of hexagonal closed packing (HCP) arrangement can be clearly 
seen from the second SEM image of the PS templated sol-gel TiO2 photonic crystals, shown 
previously in Section 4.3. This indicates a good degree of ordering for the macropores of TiO2, at 
least at the local level. However, further improvement is desired on the long range ordering. 
3D Periodicity. A face centered cubic (FCC) geometric model is used, based on the 
observed HCP arrangement.  Counting 1/8 of a sphere on each corner and ½ spheres on each side 
of the cube gives a total of 4spheres per unit cell volume. Each sphere has a diameter of 120nm 
based on the PS technical specifications. From all these, the PS spheres inside the unit cell would 
have a total volume of 3.62E-15 cm3 (0.00362 um3). 
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The FCC geometric model is shown in Figure B.5-1. The unit cell volume is derived 
using the Pythagorean theorem, where the length of the side of the cube is equivalent to the 
square root of 2 multiplied with the periodicity.  
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Figure B.5-1 Geometric Model Based on FCC 
Calculated Range of Values. Shown in Table B.5-1a and b are the calculated range of 
values based on the FCC geometric model. Using the lower, average and upper values of the 
periodicity obtained from the SEM image in Section 4.3, the side of a unit cell is equivalent to 
170nm, 198nm and 226nm respectively, shown in the second column of Table B.5-1a. This is 
then used to get the range of values for the unit cell volume, shown in the third column of Table 
B.5-1a. 
Table B.5-1a FCC Model: Calculated Range of Values 
Periodicity  
(nm) 
Unit Cell Side 
(cm) 
Unit Cell Volume 
(cm3) 
Bed  
Porosity 
120 170 4.89E-15 0.74 
140 198 7.76E-15 0.47 
160 226 1.16E-14 0.31 
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Bed porosity (εb) values of the TiO2 photonic crystal were calculated based on the 
percentage of the void volume once the sacrificial templating process is completed. This would 
be equal to the total volume of PS spheres per volume of unit cell. An average porosity value of 
0.47 was computed based on the average periodicity, shown in the last column of Table B.5-1a. 
A porosity lower limit of 0.31 and upper limit of 0.74 was derived based on the upper and lower 
limit of periodicity, respectively. This agrees well with established porosity number for a close 
packed FCC stacking arrangement which is 0.74 for closely contacting spheres. 
Void volume ratio would be the ratio of the volume of the spaces in-between the PS 
spheres to the total volume of the spheres itself, also equivalent to the TiO2:PS volume ratio. 
This is important since it will be used in later calculations of the TiO2:PS weight ratio. Using the 
formula (1- εb)/εb an average void ratio of 1.14, a lower limit of 0.35 and an upper limit of 2.20 
were obtained, shown in the second column of Table B.5-1b.   
Table B.5-1b FCC Model: Calculated Range of Values (continued) 
Periodicity  
(nm) 
Void ratio  
(TiO2/PS) 
Weight Ratio
(TiO2/PS) 
TiO2 Effective 
Density (g/cm3) 
120 0.35 1.37 1.04 
140 1.14 4.48 2.13 
160 2.20 8.63 2.75 
 
The TiO2:PS weight ratio is obtained from the void volume ratio. Using the density of 
1.02 g/cm3 and 4 g/cm3 for the PS spheres and TiO2 respectively, an average value of 4.48 was 
obtained, with values ranging between 1.37 to 8.63 g TiO2/ g PS spheres, shown in the third 
column of Table B.5-1b. 
 The effective density (ρeff) of PBG TiO2 will be useful in kinetic rate calculations. It is 
calculated by simply multiplying density of TiO2 with its volume ratio in the bed. One can also 
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obtain this value by subtracting the porosity value from 1, then multiplying this by the density of 
TiO2. These two calculations account for the void spaces in the PS templated TiO2, hence 
resulting to an average of 2.13 with values ranging between 1.04 to 2.75 g/cm3, shown in the last 
column of Table B.5-1b. Still, this value still has to be corrected to account for the mesoporous 
volume within the TiO2 lattice structure.        
Tabulation of all these values clearly show that as the PS spheres becomes closer packed, 
periodicity decreases, bed porosity of the template increases, TiO2:PS weight ratio and effective 
density goes down.  
Shown in Figure B.5-2 is a visual representation of this lower and upper range of values 
for the periodicity. This indeed shows that at the lower limit of periodicity, the closest packing 
arrangement possible is obtained. On the other hand, higher periodicity values result to just the 
opposite, lower bed porosity and higher TiO2:PS weight ratio. 
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Figure B.5-2 Lower and Upper Values of Periodicity 
These calculations have shown that maximum porosity of 0.74 for the photonic crystal 
was obtained based on the closest packing for an FCC geometric model. The ideal TiO2: PS 
weight ratio was calculated to be 1.37.  
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